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FOREWORD 


This  report  was  prepared  by  Dr.  R.  C.  Tooke  and 
Professor  T,  J  O'Keefe  of  the  University  of  Missouri  - 
Rolla,  under  Contract  DAAFQ1 -69-C-0541  .  The  investigation 
was  performed  by  Dr.  R.  C,  Tooke  as  partial  fulfillment  of 
the  requirements  for  a  doctoral  degree. 

The  contract  was  part  of  a  continuing  gun  barrel  tech¬ 
nology  program  authorized  and  funded  by  the  U.  S,  Army  Small 
Arms  Systems  Agency. 

The  work  was  conducted  under  the  direction  of  the 
research  Directorate,  Weapons  Laboratory,  Rock  Island  Arsenal, 
with  Dr,  w  T,  Ebihara  as  Project  Engineer, 


ABSTRACT 


As  a  segment  of  a  small  arms  program  at  the  Research 
Directorate,  Weapons  Laboratory,  Rock  Island  Arsenal,  the 
erosion  process  in  7.62mm  steel  gun  barrels  has  been  chrono¬ 
logically  characterized  by  investigation  of  the  test-fired 
barrels  fired  from  1  to  3000  rounds.  Both  unplated  barrels 
and  barrels  with  hard  chromium  plated  bores  were  included. 
Detailed  metallurgical  analysis,  using  modern  analytical 
techniques,  was  conducted  on  the  test-fired  gun  barrels. 
Evidence  is  presented  to  demonstrate  that  chemical  effects 
substantially  augment  the  erosion  phenomenon  caused  by 
thermomechanical  factors.  Gas-metal  reactions  and  chemical 
attack  involving  Pb,  S,  Cu  (Cu-Zn)  and  Ca  comprise  the  ob¬ 
served  chemical  effects.  Although  the  chromium  plating  re¬ 
sists  chemical  attack  of  the  underlying  steel,  inherent  de¬ 
fects  in  the  plating  act  as  crack  initiators-  Cracks  propa¬ 
gate  from  the  plating  defects  into  the  steel  moving  both 
laterally  and  radially  to  cause  removal  of  plating  fragments 
and  eventual  rupture  of  the  gun  tube.  In  addition  to  the 
conbribution  to  crack  propagation,  chemical  effects  are  in 
evidence  uniformly  over  the  entire  bore  surface  of  unplated 
barrels.  To  complement  the  erosion  analysis,  cantilever- 
fatigue  tests  on  unplated  and  Cr-plated  Cr-Mo-V  steel  speci¬ 
mens  In  reactive  environments  at  elevated  temperatures  were 
conducted.  The  analysis  of  the  cracking  phenomenon  in  re¬ 
active  environments  included  an  examination  of  the  role  of 
chromium  plating  in  reducing  fatigue  life. 
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PART  I,  EROSION  ANALYSIS  AND  CHARACTERIZATION 


A.  INTRODUCTION 

The  erosion  or  deterioration  of  the  bore  surface  as  a 
result  of  the  severe  condtions  existing  in  the  interior  of 
a  gun  barrel  remains  a  critical  factor  in  limiting  barrel 
life*.  Although  considerable  attention  has  been  devoted  to 
studies  concerning  erosion,  the  basic  mechanisms  by  which 
progressive  damage  to  the  bore  surface  occurs  have  not  been 
established.  This  erosion  process  is  undoubtedly  complex 
and  results  from  a  combination  of  events,  and  strongly  de¬ 
pends  on  such  variables  as  propellant  chemistry,  firing 
schedule,  bore  surface  treatments,  and  barrel  material.  In 
addition,  gun  barrel  erosion  is  immune  to  a  generic  inter¬ 
pretation  because  of  the  varying  erosion  processes  which 
occur  in  the  different  weapons  systems. 

Erosion  tests  usually  concern  effects  such  as  decrease 
in  projectile  velocity,  flight  stability,  and  accuracy  rather 
than  causes  of  damage  to  the  gun  barrel.  The  present  in¬ 
vestigation  represents  a  metallurgical  approach  to  the  in¬ 
vestigation  of  erosion  in  small  caliber  gun  barrels  in  which 
analytical  equipment,  only  recently  commercially  available, 
was  used.  The  test  apparatus  involved  is  the  7.62mm  Minigun. 
This  study,  primarily  analytical  in  nature,  chronologically 
defines  the  physical  and  chemical  changes  which  occur  in 
systematically  test-fired  barrels..  The  information  contained 
herein  is  necessary  for  the  understanding  of  the  erosion 
problem  in  small  caliber  weapons  and,  therefore,  contributes 
to  the  general  erosion  investigation  program  being  conducted 
at  the  Research  Directorate,  Weapons  Laboratory,  R I A 


B  PROCEDURE 

a  Test-Fired  Barrels: 

A  progressive  firing  program  was  developed;  7.;62mm 
gun  barrels,  in  the  unplated  condition  and  with  hard  chromium 
plated  bores,  were  subjected  to  this  program  according  to 
the  schedules  of  Table  I.  Each  barrel  was  fired  as  part  of 
a  six  barrel  complement  on  the  GAU-2B/A  Mmigun  weapon.-  In 
all  cases,  the  rate  of  firing  was  4000  rounds  per  minute  or 
approximately  667  rounds  per  minute  per  barrel.  The  ammu¬ 
nition  consisted  of  7,62mm,  NATO,  Ball,  M80  with  propellant 
WC846,  lot  T WL - 1 8 068 - 67  (up  through  barrel  U - 6 6 1  )  and  lot 
TWL -18337-69., 


TABLE  I 

TEST-FIRED  BARRELS 


Schedule 

Barrel  (per  6  barrel 

Identification  Description  Rounds  Fired  complement) 


C-l 
C- 1  0 
C-50 
C-l  00 
C-200 


U-l 
U- 1  0 
U-50 
U-100 
U-200 


Cr  plated 
Cr  plated 
Cr  plated 
Cr  plated 
Cr  plated 

unplated 

unplated 

unplated 

unplated 

unplated 


1 

10 

50 

100 

200 

1 

10 

50 

100 

200 


J  Continuous  burst 
\  at  4000  rounds 
(  per  minute 


> 


C-300 

U-3G0 


Cr  plated 
unplated 


300 

300 


600-round  bursts 
,  at  4000  rounds 
per  minute  with 
15-second  cooling 
between  each  burst 


C-661 

Cr  plated 

U-661 

unplated 

C-900 

Cr  plated 

C-l 500 

Cr  plated 

C- 21 00 

Cr  plated 

C-3000 

Cr  plated 

U-900 

unplated 

'J-1500 

unplated 

U-2100 

unplated 

0-3000 

unplated 

661 

661 


900 

1500 

2100 

3000 

900 

1500 

2100 

3000 


(Composite  of  above 
two  schedules 


\ 


Three  600-round 
bursts  at  4000 
rounds  per  minute 
with  15-second 
cooling  between 
each  burst.  Repeat 
following  complete 
cool  down 


2 


In  addition  to  the  above-described  barrels,  several 
severely  eroded  Cr-plated  barrels,  which  had  been  fired  ex¬ 
tensively  under  a  separate  contract,"1  were  procured  for  in¬ 
vestigation. 

b.  V i sua 1  Examination : 

Initially,  silicone  replicas  were  made  wnich  allowed 
nondestructive  examination  of  the  interior  bore  surface. 
Further  macroexamination  was  considered  imperative;  therefore, 
the  gun  barrels  were  halved  longitudinally  which  made  the 
inspection  of  the  bore  surface  possible.  Inspection  was  done 
by  both  the  unaided  eye  and  at  low  magnification  (40X)  with 
the  assistance  of  a  binocular  microscope. 

c .  Metal lographic  Examination: 

Optical  metallography  was  performed  on  samples  ob¬ 
tained  from  each  of  the  gun  barrels.  The  majority  of  the 
samples  were  taken  from  the  first  four  inches  (from  origin 
of  rifling)  of  the  barrel  because  experience  has  shown  this 
to  be  the  region  of  the  bore  which  is  most  damaged.  Two 
types  of  specimens  were  prepared  for  studying  barrel  damage 
--  a  transverse  specimen  and  a  specimen  polished  at  a  low 
angle  to  the  bore  surface  and  referred  to  as  a  bore  surface 
specimen.  The  bore  surface  specimens  were  necessary  to 
enable  viewing  of  barrel  damage  even  though  the  damage  did 
not  extend  to  any  appreciable  depth  and  could  not  be  satis¬ 
factorily  observed  on  a  transverse  section. 

Occasionally,  nickel  plating  was  incorporated  to 
assist  in  edge  retention  at  the  bore  surface.  All  samples 
were  mounted  in  Bakelite.  Standard  polishing  procedures 
were  followed  with  6u  and  lp  diamond  and  -05u  alumina  abra¬ 
sives..  Before  analysis,  all  samples  were  ultrasonical ly 
cleaned  to  ensure  removal  of  polishing  residues.  Metallo- 
graphic  specimens  were  observed  in  the  unetched  and  etched 
condition,  a  5%  nital  etch  being  the  most  common.  Magnifi¬ 
cations  ranged  from  100X  to  10Q0X. 

d .  Microhardness  Measurements  : 

Microhardness  tests  were  made  with  a  Knoop  indenter 
at  loads  of  25  grams  and  100  grams. 

e  X-ray  Diffraction : 

Powder  samples  for  X-ray  diffraction  analyses  were 
obtained  by  scraping  the  bore  surface  with  a  sharp  object 
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and  by  filing  previously  prepared  bore  surface  samples. 

After  collection  of  the  powder,  it  was  placed  and  sealed  in 
a  .3mm  diameter  capillary  tube.  The  fiber  thus  formed  was 
used  to  obtain  a  diffraction  pattern  with  a  Debye-Scherrer 
camera  (d  =  114.6mm).  Copper  (Ni  filter)  and  iron  (Mn 
filter)  radiation  were  used  with  4-8  hour  exposures. 

f .  Scanning  Electron  Microscopy: 

A  microscopic  study  of  the  test  fired  barrels  was 
made  with  a  JEM-2  scanning  electron  microscope  (SEM).  Both 
polished  specimens  and  surface  samples  of  as-fired  barrels 
were  checked. 

The  attractiveness  of  the  SEM  is  due  primarily  to 
a  few  unique  features.  One  is  the  ability  to  observe  sur¬ 
faces  directly  at  high  magnifications.  This  was  particularly 
useful  in  examinations  of  the  as-fired  bore  surface.  Another 
is  the  great  depth  of  focus  (about  300  times  that  of  an 
optical  microscope)  and  the  three-dimensional  nature  of  the 
image  obtained.  The  resolving  power  of  the  SEM  is  approxi¬ 
mately  250A,  with  magnifications  from  2OX-5O,O0QX,  The 
magnification  attainable  is  dependent  upon  the  nature  of  the 
specimen.  In  this  particular  study,  the  most  common  range 
was  1 000X-3000X . 

When  the  high-energy  electron  beam  of  the  SEM  strikes 
the  surface  of  the  sample,  some  of  the  electrons  are  absorbed; 
but  some  cause  X-rays,  secondary  electrons,  and  bac kscattered 
electrons  to  be  emitted 

Any  of  these  can  be  detected  and  analyzed,  but  with 
different  results.  The  X-rays  can  be  used  for  chemical  anal¬ 
ysis  such  as  in  electron  microprobe  techniques  or  with  a 
nondispersive  X-ray  attachment  to  a  conventional  SEM  The 
backscattered  electrons  can  give  information  related  to  the 
atomic  number  of  the  elements  on  the  surface.  The  secondary 
electrons  are  most  commonly  used  as  they  provide  a  greater 
capability  of  allowing  observation  of  depressions  and  rough, 
irregular  surfaces.  In  almost  all  cases,  the  specimen  was 
located  perpendicular  to  the  beam, 

g «  Electron  Microprobe  and  Nondispersive  X-ray  Analyses: 

Identifications  of  the  chemical  elements  associated 
with  the  eroded  areas  and  variations  in  the  base  stee!  chem¬ 
istry  with  firing  schedule  were  made  with  an  ARl  microprobe. 
Standard  microprobe  techniques  were  used  in  all  cases. 
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When  particularly  fine  details  and  cracks  were  in¬ 
volved,  chemical  determinations  were  made  with  the  nondis- 
persive  X-ray  spectrometer  attachment  on  the  scanning  elec¬ 
tron  microscope.  With  the  SEM,  it  was  possible  to  position 
the  electron  beam  on  any  area  desired.  This  allowed  de¬ 
tection  of  elements  in  finely  disseminated  minute  areas; 
however,  these  were  not  present  in  sufficient  quantities  to 
be  located  accurately  enough  to  allow  analysis  with  the  micro¬ 
probe. 

Samples  used  in  this  phase  of  the  work  were  also 
used  in  the  metal lographic  and  microscopic  studies. 


C.  RESULTS 

a .  Visual  Examination: 

Brief  summaries  of  the  observations  made  on  each  of 
the  test-fired  barrels  are  contained  in  Appendix  A.  In 
summary,  the  crack  network  in  the  chromium  becomes  obvious 
in  the  early  stages  of  firing  with  eventual  fragmenting, 
displacement,  and  removal  of  Cr-plate  particles.  These  in¬ 
herent  cracks  in  the  plating  collect  more  copper  in  the 
breech  end  compared  to  the  unplated  barrels,  although  both 
plated  and  unplated  barrels  develop  heavy  deposits  of  copper 
in  the  muzzle  half  of  the  barrel.  The  rifling  is  eliminated 
in  the  first  several  inches  of  the  unplated  barrel  after 
1500  rounds,  but  remains  sharp  in  the  plated  barrels  through 
3000  rounds  except  for  deterioration  by  Cr  particle  removal. 
The  Cr  crack  network  is  apparent  after  50  rounds;  however, 
checking  of  the  bore  surface  of  the  unplated  barrels  was 
not  observed  until  900  rounds. 

b .  Microhardness  Tests: 

The  results  of  microhardness  tests  on  transverse 
samples  are  given  in  Table  II.  The  purpose  of  these  tests 
was  to  determine  the  extent  of  bore  softening,-  The  position 
of  the  indentation  is  the  depth  from  the  bore  surface  on 
unplated  barrels  and  from  the  Cr-steel  interface  on  plated 
barrels.  These  data  'indicate  no  significant  softening  in 
the  plated  barrels,  but  some  shallow  softening  of  the  un¬ 
plated  barrels  appears  to  exist. 

c .  X-ray  Analysis: 

Representative  data  resulting  from  X-ray  diffraction 
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TABLE  II 


MICROHARDNESS  RESULTS 

Knoop  Hardness  Number 
Depth  into  Steel  (inches) 


.001 

.003 

.005 

.010 

.015 

.025 

C-661 

N "  ) 

326 

358 

347 

317 

340 

331 

347 

352 

U  -  66 1 

M  " ) 

290 

341 

352 

358 

347 

336 

326 

C-2100 

M") 

320 

341 

352 

358 

352 

370 

C-2100 

('3” ) 

321 

358 

370 

365 

347 

358 

U-2100 

M“) 

267 

352 

347 

358 

370 

347 

U-2100 

W) 

274 

317 

326 

326 

321 

317 

330 

330 

352 

352 

C-3000 

M  * ) 

326 

347 

341 

352 

352 

352 

C-3000 

(«.3-) 

370 

358 

347 

347 

358 

347 

U-30Q0 

W  ‘ ) 

321 

358 

358 

370 

358 

370 

317 

365 

377 

377 

370 

377 

U-3000 

(<>•3*) 

282 

352 

352 

358 

352 

352 
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examination  are  given  in  Appendix  B.  These  diffraction 
lines  were  repeated  in  many  other  samples.  Positive  identi¬ 
fication  of  CaC03,  Cu(CuZn)  and  Pb  was  made  in  addition  to 
the  a-Fe  of  the  steel.  On  the  basis  of  the  diffraction  data, 
either  or  both  Fe203  and  Fe304  are  strongly  believed  to  be 
present.  Oxides  of  copper  and  lead  may  also  be  present. 

d.  Microscopic  and  Analytical  Results: 

This  portion  of  the  results  will  be  divided  into 
several  sections.  First,  the  results  from  the  test-fired 
chromium-plated  barrels  will  be  presented  followed  by  the 
results  from  the  test-fired  unplated  barrels.  Results  which 
characterize  the  advanced  stages  of  erosion  are  presented 
in  the  final  section  which  comprises  data  obtained  from 
barrels  which  had  been  subjected  to  severe  firing  schedules. 

An  example  of  the  data  obtained  from  the  nondispar- 
sive  X-ray  spectrometer  is  shown  in  Figure  1.  For  initial 
qualitative  chemical  analyses,  the  cathode  ray  tube  display 
is  satisfactory;  however,  the  printout  sheet  of  this  display 
is  required  for  more  detailed  semiquanti tative  analysis. 
Accurate  identification  of  peaks  and  relative  intensity 
ratios  included  in  the  following  results  were  obtained  from 
similar  printout  sheets.  (Refer  to  Appendix  C). 

1.  Chromium  Plated  Barrels: 


The  data  of  Figure  1  are  from  the  base  barrel 


material  which  is  the  standard 

Cr-Mo-V  steel  with 

compo- 

sitional  limits  as  follows: 

Element 

Wt.  % 

Carbon 

.41  -  .49 

Manganese 

.60  -  .90 

Phosphorous 

.  040  max 

Sulfur 

.040  max 

Silicon 

.20  -  .35 

Chromium 

.80  -  1.15 

Molybdenum 

.30  -  .40 

Vanadium 

,20  -  .30 

Iron 

ba  1  ance 

The  nondi spersi ve  X-ray  spectrometer  is  incapable 

of  dc- 

tecting  elements  below  sodium, 

atomic  number  11  in 

the 

Periodic  Table.  Occasionally  spurious  peaks  occurred  in  the 
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spectrometer  analyses  which  could  not  t  identified.  In  ad¬ 
dition,  certain  elements,  namely  aluminum,  iron,  and  chromium 
were  almost  always  detected  due  to  unshielded  pieces  of 
these  metals  being  present  within  the  analyzing  chamber. 
Therefore,  caution  must  be  used  in  the  interpretation  of 
these  results. 

Cracks  were  inherent  in  the  hard  chromium  plat¬ 
ing  on  the  bore  (Figure  2).  The  decomposition  of  the  ini¬ 
tially  deposited  chromium  hydride  is  believed  to  be  respon¬ 
sible  for  the  presence  of  high  stress  in  the  deposit.  During 
transformation  to  stable  body-centered  cubic  chromium,  a 
volume  contraction  of  up  to  15%  takes  place.  The  Cr  layer 
first  grows  a  certain  thickness  and  then  cracks  form  because 
of  the  high  tensile  stress.2  The  thickness  of  the  plating 
was  nominally  2.5  mils,  and  the  hardness  was  approximately 
Rc  66-70.  After  one  round,  the  cracks  became  more  obvious 
in  the  plating;  repeated  firing  continued  to  expand  the  ini¬ 
tial  cracks  and  also  created  new  ones. 

The  first  evidence  of  any  alteration  appeared  at 
the  Cr-steel  interface  after  only  ten  rounds,  as  is  shown  in 
Figure  3.  These  pits  were  always  observed  to  be  associated 
with  cracks  in  the  plating,  but  all  of  the  cracks  did  not 
result  in  pits.  This  pitting  condition  had  not  significantly 
changed  after  50  rounds;  however,  an  almost  complete  absence 
of  pitting  was  observed  on  the  barrel  fired  for  100  rounds. 

An  X-ray  spectrometer  analysis  of  a  pit  in  barrel  C-50 
(Figure  4)  showed  Pb,  Ca,  and  possibly  P  to  be  present.  The 
presence  of  P  was  also  indicated  in  the  pits  in  barrel  C-10. 
Bore  surface  samples  from  barrel  C-100  did  show  extension 
cf  cracks  into  the  steel  which  is  depicted  in  Figure  5. 

After  100  rounds,  the  chemistry  of  the  bore  surface,  Figure 
6,  included  aluminum,  lead,*  sulfur,*  calcium,  copper  and 
zinc.  No  foreign  elements  were  detected  in  the  fine  cracks 
of  the  C-100  barrel . 


throughout  this  report,  the  peak  labeled  Pb  and  S  should  be 
interpreted  with  caution  because  the  nondispersive  X-ray 
spectrometer  does  not  have  sufficient  resolution  to  distin¬ 
guish  between  these  two  elements.  The  electron  microprobe 
is  capable  of  resolving  these  two  peaks  and  indicated  the 
presence  of  both  Pb  and  S. 
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Barrel  C-200  was  sectioned  at  various  locations 
along  its  entire  length,  and  descriptions  of  the  appearance 
of  the  metal  1 ographic  samples  at  each  location  can  be  found 
in  Table  III.  Pits,  cracks,  and  combinations  of  these  were 
observed,  examples  of  which  are  shown  in  Figures  7  and  8. 

The  presence  of  foreign  elements  { Pb ,  S,  Cu,  Ca)  located  in 
the  defects  is  indicated  in  Figures  9  and  10.  The  300-round 
barrel  did  not  exhibit  any  appreciable  attack  in  excess  of 
that  exhibited  by  the  200-round  barrel;  however,  a  fine 
altered  layer  was  present  lining  the  cracks  which  appeared 
to  be  formed  by  chemical  reaction,  and  will  henceforth  be 
referred  to  as  the  "reaction  zone." 

Cracking  and  reaction  zone  formation  were  found 
to  be  fully  developed  (Figure  11)  in  the  barrel  which  had 
been  subjected  to  661  rounds.  Well-defined  cracks  extending 
from  the  plating  into  the  steel  were  frequently  observed  on 
the  transverse  sample  (a)  with  the  bore  surface  sample  (b) 
giving  a  better  view  of  the  reaction  zone. 

Results  obtained  from  barrel  C-9Q0  are  shown  in 
Figure  12.  Lateral  branching  of  the  cracks  was  first  noticed 
after  900  rounds.  By  this  time,  the  main  crack  had  expanded 
and  was  definitely  filled  with  residue  of  the  composition 
indicated  in  Figure  12(b).  Note  that  the  cracks  emanati  g 
from  the  main  stem  are  not  open  but  consist  entirely  of  the 
reaction  zone.  Portions  of  the  Cr  plating  had  been  removed; 
this  condition  as  well  as  that  of  part  of  the  steel  included 
in  the  particle  removal  is  illustrated  in  Figure  13. 

Cracking  and  associated  reaction  zone  formation 
continued  through  1500  rounds  and  appeared  as  shown  in 
Figure  14  after  2100  rounds.  Analysis  of  this  fine  crack 
surrounded  by  reaction  zone  resulted  in  finding  the  foreign 
elements  at  the  very  tip  of  the  crack,  but  analysis  in  the 
reaction  zone  provided  a  chemistry  identical  to  that  of  the 
base  steel.  Granular  removal  of  the  Cr  plating  resulted  in 
cavities  in  the  bore  surface  that  can  be  seen  in  Figure  15. 

The  final  Cr  plated  test  barrel,  C-300Q,  was 
sectioned  at  various  locations  along  its  entire  length,  and 
descriptions  of  the  appearance  of  the  meta 1 1 ographic  samples 
at  each  location  can  be  found  in  Table  IV.  Barrel  C-3000 
exhibited  deep,  open  cracks  with  considerable  branching  and 
lateral  cracking  near  the  Cr-steel  interface  and,  in  some 
cases,  even  these  cracks  were  open  and  contained  foreign 
elements  as  shown  by  results  given  in  Figure  16.  Copper¬ 
filling  the  cracks  is  readily  observed  with  the  optical 


TABLE  III 


METALLOGRAPHIC  OBSERVATIONS  ON  BARREL  C-200 


Distance  From 
Origin  of  Rifling 
ilnchj _ 


Descri ption 


0.5 


2 


3.5 


5.5 


7.5 


13.0 

17.0 

20.0 


Worst  appearance  of  all  the  samples  from 
this  barrel.  Transverse  sample  showed 
pitting  or  attack  at  Cr-steel  Interface, 
but  the  bore  surface  sample  revealed  both 
pitting  and  crack  continuation.  Part  of 
the  plating  could  be  removed  at  anytime 
because  attack  at  Interface  was  continuous. 

Very  few  pits  —  rather,  most  of  the  Cr 
cracks  continue  as  cracks  in  the  steel. 

Some  wider  cracks  in  the  plating  continue 
as  shallow  blunt  cracks  in  the  steel. 

Similar  to  2-1nch  sample. 

Bore  surface  sample  exhibits  fairly  large 
pits.  Transverse  sample  reveals  only  a 
few  Cr  cracks  open  at  the  interface  -- 
most  of  these  end  in  pits  in  the  steel. 

Mostly  small  pits  --  few  scattered  large 
ones.  Appears  worse  than  previous  sample. 
Copper  crust  visible. 

Cracks  in  Cr  much  finer.  Scattered  small 
pits  still  noticeable.  Crust  and  copper 
prominent. 


Cracks  in  Cr  plate  are  barely  visible. 
No  visible  damage. 
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TABLE  IV 


METALLOGRAPHIC  OBSERVATIONS  ON  BARREL  C-3000 


Distance  From 
Origin  of  Rifling 

_ (Inch) _  _ Descri  pti  on _ 

1.0  Transverse  samples  show  deep  cracks  with 

considerable  branching.  Also  some  crack¬ 
ing  directly  beneath  plating  at  Cr-steel 
interface.  Reaction  zone  surrounding  the 
finer  cracks,  but  not  apparent  in  some  of 
the  large  open  cracks.  Some  chromium 
plating  chipped  out,  others  about  to  be 
removed. 

3.0  Similar  to  1-inch  sample  except  not  as 

n.i'ch  branching.  Cracking  and  chromium 
removal  slightly  less  severe. 

5.5  Many  hemispherical  areas  of  reaction  zone 
at  the  interface.  Some  of  these  areas 
contain  a  crack.  Additional  light  crack¬ 
ing  observed  within  reaction  zone.  A  few 
of  the  cracks  in  rifling  corners  are  open; 
the  remainder  are  tight. 

8.5  Much  fewer  hemispherical  reaction  zone 
areas.  Virtually  no  cracks. 

12.5  Shows  a  minimum  of  reaction  zone  at  base 
of  Cr  cracks. 

17.5  No  attack  evident.  Cracks  in  plating  not 
as  open  as  previous  samples. 
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microscope  as  is  the  reaction  zone  which  is  more  prominent 
in  the  finer  cracks.  Both  the  progressed  stage  of  cracking 
and  Cr  removal,  and  the  continuing  formation  of  new  cracks 
at  the  base  of  the  inherent  defects  in  the  plating  are  shown 
in  the  photograph  of  Figure  17.  The  nature  o*  the  barrel 
deterioration  more  distant  from  the  origin  of  rifling  is 
shown  in  Figure  18.  The  tense  teardrop-shaped  reaction  zones 
were  characteristic  of  the  defects  found  in  this  area. 

The  progression  of  cracking  as  a  function  of 
the  number  of  rounds  fired  is  depicted  in  the  composite  photo¬ 
graph  of  Figure  19. 

2.  Unplated  Barrels: 

The  unplated  barrels  were  of  the  same  chemical 
specifications  previously  given  for  the  plated  barrels.  The 
unplated,  unfired  barrel  is  shown  in  Figure  20(a).  Also 
shown  in  Figure  20(b)  is  the  first  observed  evidence  of  any 
damage  which  is  in  the  form  of  an  isolated  small  crack  in 
barrel  U-200.  The  occurrence  of  small  cracks  in  the  corners 
of  the  rifling  was  also  noticed  at  this  stage  of  firing. 

A  view  perpendicular  to  the  bore  surface  of 
barrel  U-300,  Figure  21,  illustrates  the  nature  of  the  crust 
found  there.  The  outer  layer,  which  gives  the  appearance  of 
having  been  fused,  was  partially  removed;  this  removal  ex¬ 
posed  the  pebbled  roughness  underneath.  A  typical  analysis 
of  the  bore  surface  is  shown  in  Figure  22.  No  difference 
between  the  outer  crust  and  the  substrate  was  detected,* 

After  661  rounds,  the  transverse  sample  showed 
wear  of  the  rifling.  Scattered  cracks  of  minimal  depth, 
with  the  reaction  zone,  were  also  observed.  The  bore  surface 
sample,  Figure  23,  reveals  the  cracking  as  it  appeared  after 
661  rounds.  In  addition  to  these  defects,  the  barrel  did 
exhibit  alteration  resembling  the  reaction  zone  over  the 
entire  surface  as  shown  in  Figure  24.  The  chemistry  of  the 
bore  surface  was  similar  to  that  already  presented  for 
barrel  U-300. 

Combining  Figures  25  and  26  demonstrates  the 
general  type  of  attack  on  the  bore  of  the  unplated  barrels. 

The  chemical  analysis  shown  in  Figure  26  is  representative 
of  positions  1  and  2.  Position  3  was  analyzed  as  essentially 
the  base  steel.  Cracking  remained  at  a  minimum  in  the  U-900 
barrel  with  reaction  ^one  associated  with  these  cracks  ob¬ 
served.  The  rifling  at  this  stage  of  firing  remained  visible. 
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but  had  been  noticeably  reduced  in  height. 

The  presence  of  cracking  became  more  obvious  in 
barrel  U-1500.  Also,  the  rifling  was  no  longer  in  evidence. 

A  transverse  section,  after  2100  rounds,  disclosed  signifi¬ 
cant  cracking  with  limited  bifurcation.  Most  of  the  cracks 
remained  relatively  fine.  The  reaction  zone  on  the  surface 
became  increasingly  apparent  in  barrels  U-1500  and  U - 2 1 00 . 

A  view  of  the  topology  of  the  bore  surface  as  it 
appeared  after  3000  rounds  can  be  seen  in  Figure  27  in  which 
the  severity  of  the  checking  is  readily  apparent..  The  appear¬ 
ance  o*  these  cracks  extending  into  the  steel  is  illustrated 
in  the  wel 1 -devel oped  orthogonal  crack  network  of  Figure  28. 
Additional  photographs  of  the  condition  of  barrel  U-3000  are 
included  in  Figure  29  which  shows  the  reaction  zone  formed 
on  the  bore  surface  and  lining  the  cracks. 

Chemistry  determinations  of  the  bore  surface, 
as  it  appears  in  Figure  30,  yielded  ample  quantities  of  Cu, 

Pb,  S  and  Ca.  Lesser  amounts  of  these  elements  were  found 
in  the  actual  cracks,  the  chemistry  of  which  is  represented 
in  Figure  31.  Microprobe  analysis  of  a  crack  in  the  U-3000 
barrel  proved  useful  in  determining  the  distribution  of  ele¬ 
ments  in  the  crack,  and  results  typical  of  such  analysis  are 
found  in  Figure  32.  Generally,  backscattered  electrons  will 
indicate  the  average  atomic  number  of  the  examined  area; 
however,  the  top  photograph  of  Figure  32  is  included  pri¬ 
marily  to  show  the  crack  outline  since  the  nature  of  the 
crack  was  such  that  it  interfered  with  the  interpretation  of 
the  BSE  image.  The  indications  of  the  X-ray  scans  were  very 
definite;  the  intensity  of  the  respective  elemental  X-rays 
were  proportional  to  the  amount  of  the  element  present. 

Carbon  was  also  detected  in  the  crack  vicinity,  but  it  could 
not  be  conclusively  displayed.  Microprobe  analysis  of  the 
surface  reaction  zone  showed  that  the  percentage  of  chromium 
and  carbon  increased,  while  the  percentage  of  iron  decreased 
in  the  reaction  zone  layer., 

Crack  progression  in  the  unplated  barrels  U-900, 
U-1500,  and  U-3000  is  depicted  in  the  composite  photograph 
of  Figure  33. 

3.  Advanced  Stages  of  Erosion: 

Continued  firing  of  barrels  past  3000  rounds 
will  result  in  increased  deterioration  of  the  barrel  as  will 
be  presented  in  the  results  of  this  supplementary  section. 
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These  results  were  obtained  from  barrels  that  had  been  sub¬ 
jected  to  severe  firing  schedules  in  a  separate  study,1  and 
represent  the  advanced  stages  of  erosion  --  in  many  cases 
approaching  the  catastrophic  stage. 

The  chromium  plating  became  completely  fragmen¬ 
ted  with  heavy  deposits  of  copper  distributed  throughout 
the  cracks  and  holes.  This  is  evident  in  Figure  34  in  both 
the  polished  section  (top)  and  the  topographic  photograph. 

The  reaction  zone  was  predominant  in  these 
barrels.  Figure  35  clearly  reveals  the  2one  to  be  made  of 
two  phases  (one  white,  one  gray).  The  delineation  of  the 
two  phases  was  usually  not  as  definite  as  in  Figure  35(a), 
but  more  commonly  is  a  porous  mixture  like  that  shown  in 
Figure  35(b).  Microhardness  determinations  in  the  reaction 
zone  resulted  in  the  data  included  in  Figure  36.  A  load 
application  of  only  25  grams  was  used  to  ensure  attainment 
of  an  indention  wholly  within  the  reaction  zone.  Several 
other  readings  were  taken  in  the  reaction  zone  and  the 
average  Knoop  Hardness  was  determined  to  be  1075,  consider¬ 
ably  harder  than  the  base  Cr-Mo-V  steel.  In  addition.  Figure 
36  shows  the  hardness  increasing  with  proximity  to  the  crack 
and  reaction  zones  --  this  effect  was  not  observed  in  all 
tests . 


Examples  of  the  results  of  the  X-ray  spectrometer 
analysis  on  the  crack  and  reaction  zone  areas  of  the  seriously 
eroded  barrels  are  shown  in  Figures  37  and  38.  The  cracks 
were  heavily  contaminated,  but  the  reaction  zone  exhibited 
only  limited  amounts  and,  in  many  cases,  none  of  the  usual 
foreign  elements. 

The  results  of  electron  microprobe  analysis  of 
the  severely  eroded  barrels  are  displayed  in  Figures  39,  40, 
and  41.  The  average  atomic  number  of  the  reaction  zone  is 
less  than  that  of  the  base  steel  (Figure  39).  The  distribu¬ 
tion  of  elements  in  the  crack  and  reaction  zone  is  shown  in 
Figure  40.  The  results  showed  Ca  and  Cu  deposits  in  the 
crack  with  the  reaction  zone  having  Fe  depletion  and  an  in¬ 
crease  in  C  and  Cr  content.  X-ray  scans  of  the  elements  Pb, 

S,  Mo,  V,  and  Mn  did  not  indicate  a  concentration  of  these 
elements  in  the  vicinity  of  the  crack  o*  reaction  zone-  The 
reaction  zone  formed  at  the  base  of  a  crack  in  the  chromium 
plating  also  exhibited  Fe  depletion  and  in  increase  in  C 
content  as  illustrated  in  Figure  41.  This  was  a  bulb  of  re¬ 
action  zone  formed  at  the  Cr-steel  interfece  typical  of  those 
found  in  the  plated  barrels. 
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D.  DISCUSSION  OF  RESULTS 


This  investigation  has  provided  much  evidence  which 
identifies  the  significant,  contribution  of  chemical  effects 
to  the  erosion  of  small  caliber  gun  barrels.  Foreign  ele¬ 
ments  (phases)  have  been  detected  which  show  a  direct  asso¬ 
ciation  with  the  initiation  and  progression  of  the  erosion 
process.  Nearly  all  of  these  elements  could  be  considered 
to  be  aggressive  with  respect  to  the  Cr-Mo-V  steel  and, 
therefore,  would  be  instrumental  in  decreasing  the  fracture 
toughness  of  the  gun  barrel  steel.  In  addition,  the  steel 
surfaces,  including  the  crack  surfaces  which  were  exposed 
to  the  bore  environment, exhibited  a  zone  apparently  formed 
by  chemical  reaction. 

In  many  previous  studies,  considerable  emphasis  has  been 
placed  on  thermal-mechanical  effects  in  the  erosion  process. 
This  is  documented  in  the  two  major  volumes  concerning  gun 
barrel  erosion.3*"  The  importance  of  this  approach  is  ob¬ 
vious  when  one  recalls  the  temperatures  and  pressures  in¬ 
volved,  but  certainly  not  to  the  exclusion  of  chemical  ef¬ 
fects.  The  above  references  do  contain  the  results  of  sev¬ 
eral  comprehensive  investigations  into  the  chemical  effects 
contributing  to  erosion;  however,  larger  caliber  weapons 
have  received  the  most  attention. 

A  distinct  difference  was  present  in  the  progression  of 
events  which  occurred  in  erosion  of  the  chromium-plated 
barrels  compared  to  those  leading  to  erosion  in  unplated 
barrels.  Inherent  cracks  in  the  Cr  plating  opened  up  early 
in  the  firing  sequence  exposing  areas  of  the  underlying 
steel  to  the  reactive  environment;  whereas,  in  the  unplated 
barrels,  the  complete  bore  surface  was  unprotected  and  was 
subjected  to  the  reactive  environment  uniformly. 

Pits  were  formed  at  the  root  of  some  of  the  cracks  in 
the  chromium  plating.  These  pits  represented  the  first  evi¬ 
dence  of  erosion  and  were  observed  after  only  ten  rounds. 
Barrel  C-100  exhibited  unexplainable,  anomalous  behavior  in 
that  it  contained  no  pits  even  though  barrels  with  fewer 
( C - 5 0 )  and  more  (C-200)  rounds  did  show  the  pit  defect. 

These  results  do  indicate  the  need  to  apply  statistical 
analysis,  however.  These  pits  did  contain  small  amounts  of 
Pb,  S,  Ca,  and,  in  particular,  a  substantial  amount  of  ma¬ 
terial  tentatively  identified  as  P  was  noted.  Phosphorous 
was  detected  in  pits  in  both  the  C-10  and  C-5Q  barrel,  but 
was  not  detected  in  any  other  location.  This  detection  of 
phosphorous  is  puzzling  and,  since  no  source  of  this  element 
except  incendiary  ammunition  can  be  construed,  it  must  be 
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viewed  with  skepticism,  although  it  could  have  been  con¬ 
tained  In  the  steel . 

The  reaction  zone,  which  appeared  with  continued  firing, 
had  been  found  to  vary  only  slightly  from  the  base  steel 
composition.  Microprobe  analysis  did  indicate  a  slight 
iron  depletion,  the  presence  of  increased  carbon  content  of 
this  zone.  Furthermore,  analysis  by  backscattered  electrons 
showed  the  reaction  zone  to  be  of  lower  average  atomic 
number  than  the  steel.  Only  limited  amounts  of  the  foreign 
elements  (Pb,  S,  Cu,  Zn,  Ca)  in  the  reaction  zone  were  de¬ 
tected  by  the  X-ray  spectrometer.  The  presence  of  the 
elements  in  the  reaction  zone  was  thought  to  be  due  more 
to  entrapment  rather  than  involvement  as  a  basic  step  in 
the  formation  of  the  zone.  That  is,  the  reaction  zone  was 
probably  formed  by  gas-metal  reaction.  Selected  products 
of  such  a  reaction  would  be  carbides,  oxides,  nitrides, 
sulfides,  and  carbonyls.  All  of  these  products  (and  others) 
have  been  considered  in  previous  attempts  to  define  erosion 
mechani sms . 

A  typical  analysis  of  the  combustion  gases  *rom  pro¬ 
pellant  WC-846  can  be  found  in  Appendix  D.5  Also  included 
in  Appendix  D  are  calculations  based  on  this  gas  composition 
which  form  the  basis  for  prediction  of  the  gas  to  be  oxidiz¬ 
ing  and  carburizing.  The  reaction  zone  resembled  an  oxide 
in  appearance,  but  attempts  to  identify  oxide  phases  ana¬ 
lytically  were  inconclusive.  Oxygen  was  not  positively  de¬ 
tected  by  the  electron  microprobe;  however,  X-ray  diffrac¬ 
tion  of  the  bore  surface  of  unplated  barrels  produced  an 
extra  line  (d  =  2.51)  which  corresponds  to  a  high  intensity 
line  of  Fe.jOv  and  Fe20  3  .  However,  note  that  these  products 
could  also  form  under  storage  conditions.  The  reaction 
zone  was  determined  to  be  an  area  of  carbon  concentration. 
Efforts  to  determine  the  quantitative  analysis  of  the  re¬ 
action  zone  with  the  microprobe  yielded  a  composition  of 
2.5%  carbon;  however,  many  inconsistencies  were  observed. 

In  a  separate  investigation,6  electron  diffraction  of  the 
reaction  zone  and  crack  areas  yielded  positive  identifica¬ 
tion  of  the  phases  Cu  (Cu  -  10%  Zn),  Pb,  a  Fe,  and  Cr2;JC6, 
and  tentative  identification  of  Fe20,  and  Al. 

Initiation  of  cracking  in  the  chromium-plated  barrels 
seemed  to  be,  in  some  instances,  connected  with  the  forma¬ 
tion  of  pits  at  the  base  of  the  cracks  in  the  plating. 

Some  cracks  which  did  not  originate  from  pits  still  eman¬ 
ated  from  the  Cr  cracks.  Undoubtedly,  the  sites  for  cracking 
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In  the  plated  barrels  were  those  areas  where  cracks  In  the 
plating  exist.  In  contrast  to  the  plated  barrels,  the  un¬ 
plated  barrels  developed  uniform  attack  and  wear  over  the 
entire  surface.  The  fact  that  crack  initiation  in  the  un¬ 
plated  barrels  was  delayed  until  approximately  U -661  could 
be  explained  by  considering  that  for  plated  gun  tubes  the 
existing  Cr  crack  offered  both  a  notch  effect  and  a  site 
for  selective  chemical  attack.  Further,  overall  wear  in 
unplated  gun  barrels  could  be  expected  to  remove  cracks  as 
soon  as  they  are  initiated.  Even  when  cracking  occurred, 
overall  wear  of  the  bore  surface  continued  in  the  unplated 
barrels. 

Once  initiated,  cracks  propagated  radially  by  the  same 
mechanism  in  both  the  plated  and  unplated  barrels.  The 
propagation  was  believed  to  be  a  continuing  reaction-cracking 
sequence  synonymous  with  corrosion  fatigue.  Expanding,  a 
chemical  reaction  would  provide  a  condition  more  favorable 
for  cracking  under  the  imposed  stresses;  therefore,  cracking 
would  occur  which  exposes  fresh  surfaces  to  the  aggressive 
environment  found  to  be  present.  The  progression  resulting 
from  such  a  mechanism  would  be  very  dependent  on  variables 
such  as  temperature,  stress  level  and  distribution,  crack 
depth  and  width,  and,  of  course,  the  environment  and  re¬ 
action  products. 

The  actual  reaction  which  exerts  the  most  Influence  on 
the  cracking  is  speculative.  Essentially,  two  possibilities 
exist  from  a  chemical  viewpoint  for  the  nature  of  the  re¬ 
action  which  controls  propagation.  The  first  would  be  to 
assume  that  the  reaction  zone  forms  by  gas-metal  reaction 
and  the  hard  brittle  zone  fails  at  the  crack  tip  exposing 
new  surfaces.  The  second  would  be  to  assume  that  the 
foreign  elements  induce  cracking  in  a  manner  similar  to 
liquid  metal  embrittlement  or  hot  shortness.  However,  a 
recent  firing  test  involving  Fe-clad  and  brass-clad  pro¬ 
jectiles  revealed  that  possible  Cu-Zn  embrittlement  would 
not  appear  to  contribute  significantly  to  crack  propagation 
in  sections  near  the  origin  of  rifling.7  Such  findings  do 
not  completely  rule  out  possible  liquid  metal  reactions  in 
7.62mm  steel  gun  tube  sections  near  the  muzzle  end.  A 
multitude  of  sequential  combinations  involving  these  two 
mechanisms  could  also  be  envisioned. 

Of  the  foreign  elements  detected  in  the  cracks,  Pb,  S, 

Cu,  and  their  compounds  will  significantly  attack  steel.  At 
the  tip  of  the  crack,  Pb,  S,  and  Ca  seemed  to  predominate 
with  the  relative  amount  of  Cu  increasing  as  the  main  stem 
of  the  crack  was  approached.  Calcium,  if  present  as  CaCOj, 
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would  be  considered  to  be  an  inert  residue.  Other  forms 
such  as  CaO  might  conceivably  act  as  a  flux.  Aluminum,  which 
was  always  detected,  is  of  no  significance  since  it  came 
from  microscope  parts  or,  perhaps,  the  polishing  compound 
(A120j).  The  source  of  these  foreign  elements  is  as  follows: 
Cu,  Zn  --  projectile;  Pb  --  primer,  propellant,  projectile; 

S  --  primer;  CaC03  --  propellant. 

With  continued  firing,  the  cracks  widen  and  lateral 
branching  began  at  approximately  900  rounds;  this  condition 
was  magnified  through  3000  rounds.  This  branching  resulted 
in  undermining  of  the  chromium  layer  (including  some  steel) 
with  subsequent  removal  of  particles  from  the  bore  surface. 

A  similar  type  of  removal  of  steel  particles  occurred  to  a 
lesser  extent  in  the  unplated  barrels.  Not  only  did  the 
existing  cracks  grow  under  repeated  firing,  but  new  cracks 
and  teardrop-shaped  reaction  zones  were  observed  to  form 
especially  in  the  chromium-plated  barrels.  Once  the  barrel 
erosion  had  advanced  to  the  point  represented  by  barrels 
C-3000  and  LI-3000,  further  firing  would  only  result  in  more 
severe  stages  of  the  conditions  already  described.  The 
cracks  after  3000  rounds  were  thought  to  be  approaching  the 
depth  at  which  catastrophic  failure  was  imminent. 

The  hard  chromium  plating  satisfactorily  resists  both 
wear  and  chemical  attack.  Unfortunately  the  inherent  cracks 
provide  a  path  for  deterioration  of  the  steel  substrate.  If 
an  intermediate  layer  between  the  chromium  and  the  steel 
could  be  developed  to  resist  chemical  attack  and  subsequent 
crack  propagation,  the  barrel  life  could  be  appreciably  ex¬ 
tended. 

Some  of  the  analytical  difficulties  experienced  in 
attempting  to  identify  the  chemical  reactions  which  are  most 
important  in  the  erosion  mechanism  are  appropriately  dis¬ 
cussed,  The  limited  amount  of  material  in  the  reaction  zone 
imposes  obvious  restrictions.  In  conjunction  with  this,  the 
accurate  analytical  determination  of  low  atomic  number  ele¬ 
ments  such  as  oxygen,  nitrogen,  and  even  carbon  is  difficult 
at  best.  Furthermore,  the  topographies  of  the  areas  analyzed 
with  the  nond i spersi ve  X-ray  spectrometer  wtre  not  desirable 
for  maximum  sensitivity  to  qualitative  determinations  and, 
particularly,  quantitative  analysis. 

Because  of  the  Part  I  findings  emphasizing  the  critical 
role  played  by  chemical  reactivity  in  7.62mm  gun  tube  erosion, 
the  effect  of  various  components  of  the  environment  on  crack 
initiation  and  propagation  in  Cr-Mo-V  steels  was  studied  in 
Part  II.  An  apparatus  had  been  designed  to  incorporate  the 
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variables  of  temperature,  stress,  and  environment  into  the 
laboratory  testing  of  this  steel.  The  laboratory  tests  were 
designed  to  complement  the  reported  results  of  Part  I  in 
establishing  the  erosion  mechanism  or  defining  more  specifi¬ 
cally  the  role  the  chemical  environment  plays  in  this 
mechanism.  The  results  of  these  tests  are  reported  in  Part 
II  of  this  report. 


E .  PART  I  SUMMARY 

1.  Definite  evidence  of  chemical  attack  and  alteration 
was  found  in  connection  with  the  erosion  of  7.62mm  Cr-Mo-V 
steel  gun  barrels. 

2.  Lead,  sulfur,  copper,  zinc  and  calcium  were  detected 
in  intimate  contact  with  the  eroded  areas. 

3.  A  reaction  zone  was  found  on  the  steel  surfaces  ex¬ 
posed  to  the  bore  environment. 

4.  The  reaction  zone  is  characterized  by  high  hardness, 
slight  Fe  depletion  and  increased  C  content. 

5.  Only  the  unplated  barrels  exhibited  any  appreciable 
softening  which  could  be  attributed  to  direct  exposure  to 
the  hot  gases. 

6.  Inherent  defects  in  the  Cr  plate  serve  as  sites  for 
crack  initiation  in  the  steel. 

7.  Selective  chemical  attack  of  the  steel  occurs  at 
the  base  of  cracks  in  the  Cr  plate. 

8.  Overall  bore  enlargement  including  elimination  of 
the  rifling  resulting  from  uniform  chemical  attack  and  wear 
is  in  evidence  in  the  unplated  barrels. 

9.  Although  the  hard  chromium  plating  is  resistant  to 
chemical  attack  and  wear,  superior  resistance  to  erosion  by 
chemical  attack  would  result  if  an  impervious  chromium  layer 
could  be  obtained. 

10.  Crack  initiation  is  delayed  in  the  unplated  barrels 
compared  to  the  plated  barrels,  but  propagation  occurs  in  a 
similar  manner. 
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11.  The  sequence  of  events  in  the  erosion  of  chromium 
plated  steel  gun  barrels  is  as  follows; 

9 

(a)  Pits  develop  at  the  Cr-steel  interface  at  the 
base  of  cracks  in  the  plating. 

(b)  Cracks  emanate  either  from  pits  or  from  exist¬ 
ing  cracks  in  the  plating  with  foreign  ele¬ 
ments  being  detected  in  these  areas. 

(c)  Cracks  continue  to  grow  with  the  appearance 
of  a  reaction  zone  and  the  presence  of 
foreign  elements 

( d )  Crack  branching  occurs  which  results  in  the 
removal  of  the  protective  Cr  plating. 

12.  The  sequence  of  events  in  the  erosion  of  unplated 
barrels  is  as  follows: 

(a)  Uniform  chemical  attack  resul'rs  in  a  reaction 
layer  over  the  entire  surface, 

(b)  The  depth  of  rifling  is  decreased  and  even¬ 
tually  eliminated  early  in  the  firing  sequence. 

(c)  Cracks  are  initiated  with  favored  location6 
being  the  corners  in  the  rifling. 

(d)  Cracks  propagate  as  described  in  11, 
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a.  Cathode  ray  tube  display 
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b.  Portion  of  printout  sheet  (count s/channel) 


Figure  1.  Example  of  standard  for  non-dispersivc  X-ray 
spectrometer  used  with  scanning  electron  microscope 
for  chemical  identification. 
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(a)  Scanning  electron  micrograph  of 
bore  surface.  Cr  plated,  un- 
firei  barrel.  1000X. 


(b)  Photomicrograph  of  Cr  plating 
on  unfired  barrel.  Etched  - 
4%  nital,  50 OX. 


FIGURE  2.  Inherent  defects  in  chromium  plating. 
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(a)  Photomicrograph,  transverse 
section.  Unetched,  SOOX. 


(b)  Scanning  electron  micrograph. 
Nital  etch.  10,000X. 


FIGURE  3.  Pits  developing  in  steel  at  base  of  cracks 
in  Cr  plating.  Barrel  C-10. 
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FIGURE  4.  Results  of  X-ray  spectrometer  analys 
of  pit  in  barrel  C-50. 
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FIGURE  5.  Propagation  of  cracks  in  Cr  plating  into 
steel.  Barrel  C-100,  bore  surface 
sample,  unetched,  250X. 


FIGURE  0.  Chemical  analysis  of  bore  surface 
of  barrel  C-100. 


(b) 


Bore  surface  sample,  unetched,  1200X. 


FIGURE  7.  Photomicrographs  of  barrel  C-200 
showing  pits  and  cracks. 


(a)  Scanning  electron  micrograph  of  bore 
surface  sample  near  origin  of 
rifling.  Unetched,  1000X. 


(b)  X-ray  spectrometer  results. 


FIGURE  9.  Chemical  analysis  of  area  indicated  by  white 
dot  in  pit  of  top  photograph.  Barrel  C-200. 


(a)  Scanning  electron  micrograph  of  bore 
surface  sample.  N'ital  etch.  3000X. 


(b)  X-ray  spectrometer  results. 


FIGURE  10.  Chemical  analysis'  in  ciack  leading  from 
at  location  indicated  by  white  dot  in  top  photograp 

Barrel  C-200. 


(b)  Scanning  electron  micrograph  of  bore 
surface  sample.  Unetched,  1800X. 

FIGURE  11.  Cracks  and  reaction  zone 
typical  of  barrel  C-661. 
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(a)  Scanning  electron  micrograph  showing 
branching  from  main  crack.  Transverse 
section,  unetched,  1000X. 


fbj  X-ray  spectrometer  results. 


FIGURE  12.  Chemical  analysis  of  crack  in  barrel  0  900. 
Area  of  analysis  indicated  by  black 
dot  in  top  photograph. 
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FIGURE  13. 
electron 


Removal  of  Cr  plating  grain.  Scanning 
micrograph,  barrel  C-900,  transverse 
section.  Unetched,  1000X, 
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(a)  Branch  crack  and  reaction  zone  as  it 
appeared  in  transverse  sample. 

Scannin.,  electron  micrograph,  unetched 
3000X. 


(b)  X-ray  .spectrometer  up..  1  > is  . 


FIGURE  14.  Chemical  ..naly.is,  o i  ejuck  (white  dot)  in 
barrel  (..-.lino.  Analysis,  uv  inaction  zone 
(bln  1  dot  -- -  nut  sIiomiJ  yielded 
mi  fore  i  ",ii  e  1  Ci.it  lit  s  . 
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FIGURE  15.  Scanning  electron  micrographs  of  hole  left 
in  bore  of  barrel  C.-J100  after  C.r  removal. 

1  o  p  -  5  0  0 /  ,  Ho  1 1  om  -  1 0  0 ')  X  . 
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(a)  Scanning  electron  micrograph  of  trans¬ 
verse  sample.  Unetched,  1000X. 


(b)  X-ray  spectrometer  results. 


FIGURE  16.  Chemical  analysis  of  crack  at  area  indicated 
by  black  dot  in  top  photograph.  Barrel  C-3000, 


(a)  Poor  condition  evident  on  transverse 
section.  Unetched,  250X. 


(b)  Crack  ir.  early  stages  of  formation. 

Transverse  section,  nital  etch,  1000X. 


FIGURE  17.  Photomicrographs  capturing  the  condition  o 
cracking  representative  of  barrel  C-aOOO. 


FIGURE  18.  Scanning  electron  micrograph  of  reaction  zone 
formation  characteristic  of  areas  5-10  inches  from 
origin  of  rifling  in  barrel  C-3000.  Transverse 
sample,  nital  etch,  3000X. 


(a)  Unfired  barrel,  transverse  section. 
Unetched,  500X. 


(b)  Isolated  crack  in  barrel  U-200. 

Transverse  section,  unetched,  500X. 


FIGURE  20.  Photomicrographs  of  unplated  barrels 
at  the  beginning  of  test  firing. 
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FIGURE  22.  Chemical  analysis  representative 
of  bore  surface  of  barrel  U-300. 
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(a)  Bore  surface  sample,  unetched,  500X. 


(b)  Fine  intergranular  cracks,  revealed  by 
nital  etch.  Bore  surface  sample,  500X. 


FIGURE  25.  Cracking  in  barrel  U-661. 
42 


FIHJRIi;  24,  (lene r,i  l  attack  rcseubl iny  reaction  zone 
entire  surface  of  bore  of  barrel  U-661.  IJnctchcd, 


over 
500X . 
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FIGURE  26. 
Figure 


m 

r*4 

W*£; 

•  w. 

' 

i 

fruS, 

5 

•V*T£  4 

.  .  ■  -i”"“ 

i. '? 

J?£ 

r^j,  * 

1  \  Jf 

a:'-  ■  frvsfe 

Chemical  analysis  of  position  2  identified  in 
25(b).  Position  1  analyzed  similar  to  2, 
position  3  the  same  as  base  steel. 
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(a)  "Checking"  at  300X. 


(b)  Area  (a)  at  3000X. 

FIGURE  27.  Scanning  electron  micrographs  of  bore 
surface  topology,  barrel  U-3000. 
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(a)  Bore  surface  sample,  nital  etch,  100X. 


fb)  Same  as  above,  2 5 OX. 

FIGURE  28.  Photomicrographs  of  crack  network  in  barrel  U-3000 
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Reproduced  from 
best  available  copy. 
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Bore  surface  sample,  note  reaction 
zone  over  entire  surface,  Unetched, 
500X . 
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(b)  Transverse  sample,  reaction  zone  lining 
crack.  Unetched,  1000X. 


FIGURh  29.  Photomicrographs  depicting  the  reaction 
zone  in  barrel  U-5000. 
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(b)  X-ray  spectrometer  results  -  crack 
( left  J  anu  reaction  zone  (right). 


I'iGURL  31.  Chemical  analysis  of  crack 
zone  in  barrel  U-3000,. 


and  reaction 
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FIGURE  33.  Crack 
T  ransverse 
Middle 


progression  in 
samples,  10 OX. 
U-1500,  Bottom 


unplated  barrels. 

Top  U-900 , 

U-3000 . 
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(a)  Photomicrograph  showing  Cu  throughout 
cracks  in  Cr  plating.  100X. 


(b)  Copper  assisting  in  Cr  grain  removal 
by  wedge  effect.  Scanning  electron 
micrograph,  300X. 


FIGURE  34.  Copper  deposits  in  incoherent  Cr  plating 


FIGURE  36.  Microhardness  test  (25 
Knoop  hardness  numbers  shown. 


pram  load) . 
250X . 
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(bj  X- jay  spectrometer  results'  -  crack 

(left)  .and  representative  of  reaction 
rone  I  r  i  i;b  t )  . 

FldllRl.  S”.  l.lie'incal  analysis'  of  Cu  filled  Crack  and 
reaction  zone  in  severely  eroded  barrel. 
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(a)  Scanning  electron  micrograph  indicating 
positions  of  analysis.  3000X. 


(b)  X-ray  spectrometer  results  -  crack 

(left)  and  representative  of  reaction 
zone  (right) . 


FIGURE'  38.  Chemical  analysis  of  crack  and  reaction 
zone  in  severely  eroded  barrel . 
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Reproduced  from 
best  available  copy. 


FIGURE  39.  Electron  microprobe  analysis  by  back  scattered 
electrons  of  crack  network  with  reaction  zone  in 
severely  eroded  barrel.  500X. 
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,  Cr  X-rays  Cu  X-rays 

.Note  crack  in  Cr  plat*.  Cu  filling  Cr  crack 


PART  II  FATIGUE  BEHAVIOR  IN  REACTIVE  ENVIRONMENTS 
A.  INTRODUCTION 


Cracks  observed  to  develop  in  small  caliber,  rapid-fire, 
machine  gun  barrels  provided  the  impetus  for  this  investiga¬ 
tion.  Such  cracks  limited  the  performance  of  these  barrels 
and  could  have  led  to  catastrophic  failure  such  as  that 
illustrated  in  Figure  42.  The  general  subject  of  gun  ero¬ 
sion  has  been  reviewed  in  two  major  vol  uires  , 3 » 4  and,  although 
the  possible  influence  of  chemical  environments  on  the  for¬ 
mation  and  propagation  of  cracks  has  been  recognized,  it  has 
not  been  established.  In  Part  I  of  this  report,  extensive 
metallurgical  analyses  were  performed  on  several  test-fired 
7.62mm  gun  barrels.  Chemical  effects  were  assumed  to  be,  in 
large  part,  responsible  for  cracking.  In  addition,  micro¬ 
cracks,  which  are  inherent  in  hard  chromium  electrodeposits, 1 
were  found  to  be  connected  with  crack  initiation  in  barrels 
given  this  type  cf  plating  treatment  or  the  bore  surface. 

This  study  was  undertaken  to  isolate  the  effects  of  CO/CO, 
gas  compositions  and  copper  on  the  cracking  of  the  low  alloy, 
Cr-Mo-V  steel  at  elevated  temperature. 

The  effect  of  gas  composition  is  of  interest  because  an 
altered  zone,  believed  to  be  the  result  of  gas-metal  reaction, 
has  been  observed  around  the  cracks.  Carbon  monoxide  and 
carbon  dioxide  are  major  components  of  spent  propellant,  and 
a  high  C0/C02  ratio  has  been  reported  to  be  desi rabl  e .  3  >  * 
Numerous  factors  were  considered  in  the  selection  of  the  test 
temperature  of  10Q0°C.  Since  a  steep  temperature  gradient 
exists  on  the  surfaces  in  contact  with  propellant  gases, 
note  that  this  temperature  ( 1 000° C }  is  intended  to  be  repre¬ 
sentative  of  only  a  thin  surface  zone  surrounding  a  crack. 

Alloys  of  iron  and  carbon  will  react  with  the  above-listed 
gases  as  follows: 

Fe  ♦  C02  =  FeO  +  CO  (I) 

2C0  =  C  +  C02  (II) 

With  the  values  given  by  Gurry,8  for  the  equilibrium  con¬ 
stants  K j  and  Kjj,  and  the  activity  of  carbon  in  austenite, 

Ac^,  the  equilibrium  gas  compositions  for  the  two  reactions 

have  been  calculated  for  1000°C  (Figure  43). 
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Several  additional  factors  must  be  considered  in  the 
oxidation  of  alloy  steels  and  because  of  this,  analysis  of 
the  mechanisms  of  oxidation  is  considerably  more  complex. 

The  general  subject  of  alloy  oxidation  nas  been  treated 
in  many  reviews.9"11  Also,  alloying  elements  affect  the 
carburizing  behavior  of  steels.  Chipman  and  Brush12  re¬ 
ported  a  decrease  in  the  Ac^  at  1000°C  in  the  presence  of 

the  alloying  elements  of  Cr,  Mo,  V,  and  Mn  which  would  shift 
the  equilibrium  line  for  reaction  II  to  the  right  in  Figure 
43. 


The  presence  of  copper  observed  to  be  associated  with 
the  cracks  is  of  significance  because  the  tendency  of  liquid 
copper  and  copper  base  alloys  to  penetrate  the  grain  boun- 
aries  of  steel  is  well  documented.13"16 


A  search  of  the  literature  yielded  little  information  on 
similar  studies  on  low  alloy  steels  in  the  vicinity  of  1000°C 
High-strain  fatigue  tests  on  low  alloy  Cr-Mo-V  steels  at 
temperatures  up  to  700°C  have  been  performed  by  Coles,  et 
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ditions,  specifically  those  contributing  to  oxidation,  are 
postulated  as  possible  factors  in  the  mechanism  of  failure 
in  each  of  these  investigations.  Numerous  other  studies 
concerned  the  effect  of  gaseous  environments  on  crack  initia¬ 
tion  and  propagation  in  a  varietv  of  alloys  under  cyclic 
stress  at  elevated  temperature.  "2 s  The  results  are  summar¬ 
ized  as  follows:  Tests  performed  in  a  vacuum  were  generally 
superior  to  those  in  air.  In  some  cases,  crack  nucleation 
was  associated  with  pronounced  localized  oxidation,  and 
subsequent  intergranular  crack  propagation  was  accomplished 
by  oxidation  or  attributed  to  oxygen  adsorption 


B  EXPERIMENTAL  PROCEDURE 


a ,  Apparatus : 

A  laboratory  apparatus  was  designed  and  constructed 
which  permitted  the  high  temperature  testing  of  Cr-Mo-V  gun 
steel  under  alternating  stress  in  selected  environments.  An 
overall  view  of  this  apparatus  is  found  in  Figure  44,  The 
essential  elements  of  this  apparatus  are  shown  in  the  block 
diagram  of  Figure  45.  The  apparatus  can  be  separated  into 
functional  categories  consisting  of:  (1)  test  chamber, 

(2)  Induction  heating  unit,  (3)  stress  application  mechanism, 
(4)  temperature  control,  and  (5)  environment  control.  Each 
of  these  is  described  in  detail  below: 
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1 .  Test  chamber. 

The  test  chamber  was  a  vacuum  tight  enclosure 
which  contained  the  hot  test  specimen  (described  later) 
being  alternately  stressed  (tension-compression)  as  a 
cantilever  beam.  A  detailed  drawing  of  the  chamber  with  a 
specimen  in  place  is  illustrated  in  Figure  46.  In  addition 
to  the  forced  air  cooling  of  the  entire  chamber,  the  top 
lid  had  to  be  water-cooled  with  a  single  loop  of  flattened 
1/4"  O.D.  copper  tubing.  The  joint  between  the  Plexiglas 
insulation  plug  and  the  induction  coil  leads  was  sealed 
with  Apiezon  putty. 

2.  Induction  heating  unit. 

A  high  frequency  (450  kc)  generator  equipped  with 
a  saturable  core  reactor  for  output  control  coupled  to  a 
suitable  coil  provided  for  induction  heating  of  the  specimen. 
The  generator  was  a  Lepel  Model  T - 5 - 3 - KC - J - B  with  a  maximum 
rated  output  of  5  KW.  The  coil  used  for  heating  the  speci- 
mpn  was  made  from  3/10"  O.D.  copper  tubing  and  contained 
four  turns  distributed  over  a  total  length  of  1-1/4  inches. 
The  coil  is  shown  in  Figure  47  with  a  heated  specimen  at 
1000°C.  The  representative  temperature  profiles  for  the 
specimen  are  shown  in  Figure  48. 

3.  Stress  application  mechanism. 

A  unique  feature  of  the  apparatus  is  the  util¬ 
ization  cf  electromagnets  to  accomplish  the  desired  stress 
pattern.  Power  was  alternated  via  a  DPDT  relay  between  two 
diametrically  opposite  electromagnets  thereby  attracting 
the  extension  rod  to  first  one  side  and  then  the  other.  The 
electromagnets  required  cooling  by  small  blowers.  The  fre¬ 
quency  of  cycling  was  adjustable  from  100  to  500  cycles  per 
minute,  one  cycle  being  a  complete  tension-compression- 
tension  sequence.  An  electrical  impulse  counter  registered 
total  cycles  and  was  checked  against  a  timer  showing  elapsed 
time. 


The  extent  of  travel,  i.e.,  the  stress  amplitude, 
was  controlled  by  the  stops  in  the  fixture  attached  to  the 
bottom  plate  of  the  test  chamber,  Figures  46  and  47.  The 
maximum  stress  can  be  calculated  by: 

3d  •  E  •  r 
o  _  - - - 
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a  =  stress 

d  =  distance  traveled  before  hitting  stop 
E  =  modulus  of  elasticity 
r  =  radius  of  specimen  (gage  section) 

1  =  distance  from  gage  section  to  stops 


Inserting  the  values  of  d  =  1/16",  E  =  15  x  1 06  at  1 000° C , 
r  =  0.1"  and  1  =  3.7"  into  this  equation  yields  a  value 
for  a  of  21,000  psi.  This  exceeded  the  yield  strength  for 
this  material  at  1000°C  so  the  stress  was  in  the  plastic 
range.  No  attempt  was  made  to  determine  the  actual  plastic 
strain  involved  in  these  experiments. 

4.  Temperature  control. 

Temperature  measurement  was  made  with  an  Ircon 
Model  300T5C  infrared  radiation  pyrometer  and  temperature 
indicating  unit.  An  accessory  fine  focus  lens  was  used 
which  allowed  accurate  sighting  of  the  pyrometer  on  a  spot 
as  small  as  .019  inch  in  the  focal  range  4-7  inches  from 
the  target.  The  0-10  MV  output  from  the  above  instrument 
was  fed  into  a  current  adjusting  recorder-control! er  (L  &  N 
Series  80).-  Tne  interface  needed  between  the  output  of  the 
recorder-control  1  er  (0-5ma)  and  the  input  to  i,he  saturable 
core  reactor  (0-80v)  of  the  induction  generator  was  provided 
by  a  L  &  N  Series  11900  silicon  controlled  rectifier  power 
package  modified  for  an  inductive  load-.. 

The  development  of  a  satisfactory  temperature 
measuring  procedure  and  calibration  of  the  radiation  pyrom¬ 
eter  required  considerable  effort.  Initial  attempts  to 
measure  temperature  directly  on  the  surface  of  the  specimen 
failed  because  changing  surface  conditions  made  it  im¬ 
possible  to  accurately  determine  the  emittance  value  for 
the  surface.  Therefore,  it  was  desirable  to  create  a 
blackbody  condition  { e  =  1 )  by  sighting  the  radiation  py¬ 
rometer  on  a  hole  drilled  in  the  sample-.. 

The  calibration  of  the  radiation  pyrometer  in¬ 
volved  comparison  with  temperature  measured  by  a  Pt-Pt  10% 

Rh  thermocouple.  Two  holes  were  drilled  in  a  1/4"  steel 
red  and  a  thermocouple  was  placed  in  one  hole  with  Pt  foil 
to  provide  good  contact.  The  pyrometer  was  focused  on  the 
other  hole.  Agreement  of  the  separately  measured  tempera¬ 
tures  was  obtained  when  an  emittance  setting  of  .92  was 
used  which  confirmed  the  hole  to  be  a  sufficient  blackbody 
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when  the  known  loss  of  8$  through  the  glass  walls  of  the 
test  chamber  was  considered.  Further  confidence  in  this 
system  of  temperature  measurement  was  obtained  by  obser¬ 
vation  of  the  melting  temperature  of  silver  and  copper  foils 
placed  in  the  hole.  Silver  {M.P.  =  1083°C)  was  observed  to 
melt  at  1080°C.  All  previously  described  tests  were  per¬ 
formed  with  the  holes  between  the  second  and  third  turns  of 
the  coil.  Temperature  control  during  testing  was  achieved 
through  the  use  of  focusing  on  a  hole  in  the  sample  placed 
between  the  first  and  second  turns  of  the  coil  so  as  not  to 
interfere  with  the  stress  distribution  in  the  gage  section 
of  the  specimen  (Figure  50).  This  method  required  the  de¬ 
termination  of  temperature  gradients  which  was  accomplished 
through  the  heating  of  a  specimen  with  two  holes,  one  between 
the  first  and  second  turns,  the  other  between  the  second  and 
third  turns,  thus  temperature  equilibration  and  measuring 
temperature  at  both  holes  are  allowed.  The  results  of  this 
test  are  contained  in  Figure  49  which  is  the  master  graph 
used  in  all  testing  to  determine  the  relationship  between 
the  set  point  or  control  temperature  and  the  actual  tempera¬ 
ture  in  the  gage  section.  Temperature  accuracy  was  judged 
to  be  +10°C  at  1000°C. 

5.  Environment  control. 

The  atmosphere  of  the  reaction  chamber  was  es¬ 
tablished  through  the  is  of  high  purity  compressed  gases 
of  argon  (99.996%),  car  n  monoxide  (99.7%)  and  carbon  di¬ 
oxide  (99.9%).  The  te„,.  chamber  was  evacuated  prior  to  the 
introduction  of  the  gases  then  re-evacuated  after  backfilling 
with  the  desired  gas  mixture.  When  argon  was  used,  the  re¬ 
action  chamber  was  filled  with  the  gas  arid  the  test  was  made 
under  static  conditions  after  the  gas  had  been  vented  during 
heating.  When  CO,  C02,  or  mixtures  of  these  gases  were  used, 
the  flowrate  was  maintained  at  40  cc/min.  The  flow  rate 
and  mixing  of  the  gases  were  governed  by  Matheson  Model  665 
Gas  Proportioner  which  blended  the  gases  by  individual  ilow- 
meters.  All  gas  mixtures  were  checked  and  recorded  with  a 
Fisher  Gas  Partitioner  (Model  25V)  and  a  Texas  Instruments 
Servoriter  II  recorder.  Gas  samples  for  analyses  were  ob¬ 
tained  through  an  integral  gas  sampling  valve.  Provisions 
for  analysis  of  exit  gases  were  also  available.  All  C 0/ C 0 2 
mixtures  were  burned  after  exiting  from  the  test  chamber. 

b.  Specimen  Preparation  and  Test  Procedure: 

Two  types  of  test  specimens.  Cr  plated  and  unplated, 
were  incorporated  in  the  high  temperature  studies  both  of 
which  are  represented  in  Figures  50  and  51.  All  Cr-Mo-V 
steel  specimens  were  machined  from  forged  stock  from  the 
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same  heat.  A  chemical  analysis  yielded  the  following 
composition: 


c 

Mn 

Si 

Cr 

Mo 

V 

43 

.97 

,29 

1.29 

,65 

.21 

The  nonmetallic  inclusion  orientation  was  elongated  in  the 
axial  direction  of  the  specimens.  After  machining,  the 
specimens  were  finished  to  a  600  grit  surface  with  emery 
paper.  Unplated  specimens  were  finished  to  a  gage  section 
diameter  of  .200"  ±.001'  while  the  specimens  to  be  plated 
were  finished  to  a  diameter  of  .192"  ±.001"  and  subsequently 
received  a  standard  electrolytic  hard  chromium  plating  of  a 
thickness  of  .003"  to  .004".  A  hole,  .225"  deep  and  .045" 
diameter  was  drilled  on  the  taper  of  each  specimen  for  tem¬ 
perature  measuring  purposes  as  described  previously.  The 
specimens  were  thoroughly  cleaned  with  acetone  before  using. 

The  procedure  for  a  typical  test  included  closing 
the  test  chamber  after  assembly  of  the  test  specimen,  evacu¬ 
ating,  backfilling  with  the  desired  gas,  re-evaluating,  and 
allowing  the  gas  to  flow  for  15  minutes.  At  this  time,  the 
specimen  was  heated  to  the  test  temperature  (generally 
1000°C)  which  required  less  than  60  seconds,  and  the  cyclic 
loading  was  initiated.  Most  tests  were  carried  to  failure. 
In  certain  tests,  copper  was  placed  on  the  designated  speci¬ 
mens.  A  fine  copper  wire  was  melted  in  situ  at  1100°C  in 
argon  and  15  seconds  were  allowed  for  the  Cu  to  flow  over 
the  surface  before  the  test  was  continued.  The  liquid 
copper  readily  spread  over  both  the  steel  and  Cr  plated  sur¬ 
faces. 


C.  RESULTS 

Tabulation  of  the  cycles  to  failure  as  a  function  of 
environmental  conditions  is  found  in  Table  V.  Numerous 
other  tests  were  made  which  were  not  carried  to  complete 
failure.  Examples  of  failed  specimens  are  shown  in  Figure 
52.  All  test  pieces  failed  in  the  upper  end  of  the  gaqe 
section  which  was  located  in  the  hottest  part  of  the  speci¬ 
men.  A  graphical  presentation  of  the  results  contained  in 
Table  V  is  given  in  Figure  53.  An  increase  in  the  percent¬ 
age  of  carbon  monoxide  retarded  failure  in  both  types  of 
specimens,  but  the  effect  was  more  pronounced  in  the  cnplated 
specimens . 
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EXPERIMENTAL  FATIGUE  DATA 


Specimen 

Environment 

C r  plated 

1 00%  C02 

Cr  plated 

100%  C02 

Cr  plated 

80%  C02,  20%  CO 

Cr  plated 

65%  C02,  35%  CO 

Cr  plated 

50%  C02,  50%  CO 

Cr  plated 

50%  C02,  50%  CO 

Cr  plated 

35%  C02,  65%  CO 

Cr  plated 

20%  C02,  80%  CO 

Cr  plated 

20%  C02,  80%  CO 

Cr  plated 

15%  C02,  85%  CO 

Cr  plated 

10%  C02,  90%  CO 

Cr  plated 

100%  CO 

Cr  plated 

100%  CO 

Cr  plated 

100%  CO 

Cr  plated 

100%  CO 

Cr  plated 

100%  Argon 

Cr  plated 

100%  Argon 

Unplated 

100%  C02 

Unplated 

100%  C02 

Unplated 

80%  C02,  20%  CO 

Unplated 

50%  C02,  50%  CO 

Unplated 

50%  C02,  50%  CO 

Unplated 

20%  C02>  80%  CO 

Unplated 

20%  C02,  80%  CO 

Unplated 

100%  CO 

Unplated 

100%  CO 

Unplated 

100%  Argon 

Unplated 

100%  Argon 

Unplated 

100%  Argon 

Cr  plated 

100%  Argon 

Un plated 

100%  Argon 

Temp . °C  Cyclpg  to  Fai lure 


1000 

9,968 

1000 

8,626 

1000 

10,160 

1000 

15,017 

1000 

12,955 

1000 

17,400 

1000 

14,822 

1000 

15,092 

1000 

23,716 

1000 

26,106 

1000 

27,853 

1000 

19,785 

1000 

28,831 

1000 

31  ,266 

1000 

26,806 

1000 

78,068 

1000 

74,132 

1000 

17,791 

1000 

19,132 

1000 

22,158 

1000 

29,608 

1000 

35,324 

1000 

49,618 

1000 

38,572 

1000 

74,204 

1000 

68,009 

1000 

75,350 

1100 

39 

1100 

38 

1100 

34 

1100 

10,000 
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I  The  chromium-plated  specimens  exhibited  inferior  speci¬ 

men  life  in  all  ratios  of  CO  and  C02 ;  however,  in  argon  the 
cycles  to  failure  for  plated  and  unplated  specimens  were 
comparabl e . 

Metallography  and  scanning  of  the  electron  microscopy 
on  longitudinal  sections  were  used  to  reveal  the  structural 
nature  of  the  cracking.  Note  that  the  effects  to  be  described 
concerning  cracks  apply  in  all  cases  to  the  fracture  surfaces. 
In  high  C52  (>50%)  gas  mixtures,  both  plated  and  unplated 
specimens,  develop  large  oxide-filled  pits  which  lead  to  crack¬ 
ing.  This  is  shown  in  Figures  54  and  55.  As  seen  in  Figure 
54,  the  chromium  remains  intact  with  pits  developing  in  the 
steel  through  the  existing  cracks  in  the  Cr  plating.  The 
appearance  after  the  etching  of  a  crack  representative  of 
those  found  in  the  high  C02  specimens  is  shown  in  Figure  56. 
Ferrite  exhibiting  a  decarburized  structure,  a  dark  etching 
mottled  or  oxygen-affected  zone,  and  oxide  lining  the  crack 
surfaces  are  all  in  evidence.  Oxide,  which  filled  or  lined 
all  of  the  cracks,  was  very  much  in  evidence  at  high  magni¬ 
fication,  Figure  57  iri  the  leading  tip  of  the  crack.  The 
mottled  zone  in  the  base  metal  which  is  apparent  in  Figure 
56  and  even  more  clearly  shown  in  Figure  57  was  not  observed 
in  100%  C02,  but  gradually  increased  when  the  gas  composition 
was  shifted  from  80%  C02  to  50%  C02.  Decarburization  of  the 
steel  also  increased  with  decreasing  C02  which  is  opposite 
to  what  was  expected  considering  reaction  I.  However,  scale 
formation  is  known  to  provide  protection  against  decarburi¬ 
zation  of  the  steel  substrate.  6 

Some  oxide  pits  were  observed  at  50%  C02,  However,  below 
this  gas  content  cracking  in  the  absence  of  pitting  became 
increasingly  prevalent.  This  condition  is  illustrated  in 
Figures  58  and  59,  Oxide  (scale)  remained  in  abundance  at 
59%  C02,  but  completely  disappeared  by  20%  C02  .  In  this 
range,  and  at  .0%  C02,  the  mottled  zone  in  the  steel  became 
more  developed,  the  particles  grew  coarser  and  a  preference 
for  formation  in  the  grain  boundary  was  noticed-  Such  a 
zone  at  20%  C02  over  the  surface  of  an  unplated  specimen  is 
represented  in  Figure  50.  The  mottled  zone  at  the  root  of 
a  crack  is  shown  in  Figure  61.  This  zone  was  characteristic 
of  all  surfaces  exposed  to  the  gas,  including  the  fracture 
surface.  Decarburizuti on  continues  to  increase  upon  de¬ 
creasing  C0i  content  from  50%  to  20%  C02 .  The  unplated  speci¬ 
mens  exhibited  few  cracks  in  C02  .ontents  of  50%  or  more.: 

Some  failed  specimens  had  no  secondary  cracks,  containing  a 
singular  crack  which  propagated  to  complete  failure.  In 
contrast  to  the  unplated  specimens,  Cr-plated  specimens  were 
always  observed  to  contain  numerous  cracks. 
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lests  in  i 00%  CO  yielded  cracks  which  in  most  cases  were 
somewhat  finer  than  those  previously  described.  Again,  the 
mottled  zone  was  apparent  on  the  unetched  sample  (Figure  62). 

On  etching,  (Figure  63),  the  structure  was  seen  to  be  altered 
around  the  cracks.  Microhardness  determinations  indicated 
this  area  to  be  softer  than  the  martensitic  matrix. 

The  appearance  of  the  mottled  zona,  shown  in  Figure  64 
and  65  led  to  an  analysis  to  identify  the  particles  located 
in  this  zone.  Analysis  in  which  the  nondispersive  X-ray 
spectrometer  accessory  of  a  scanning  electron  microscope  is 
used  resulted  in  detection  (Figure  66)  of  the  elements  Fe,  Cr, 
Mn,  and  V  in  the  particles.  Occasional  traces  of  Mo  were 
also  detected.  Only  Fe  and  .sometimes  very  small  amounts  of 
Cr  were  found  in  the  matrix  of  the  mottled  zone.  The  rela¬ 
tive  amounts  of  the  elements  Cr,  Mn,  and  V  in  a  particle  were 
observed  to  increase  with  decreasing  %  CO2.  These  results 
were  further  verified  with  the  electron  microprobe.  X-ray 
scans  produced  discrete  areas  corresponding  to  the  particles, 
which  were  high  in  Cr,  Mn  and  V  content.  In  addition,  the 
microprobe  results  established  the  mottled  zone  to  be  en¬ 
riched  by  oxygen,  as  shown  in  Figure  67a  and  67b.  No  carbon 
concentration  indicative  of  carburization  was  located. 

Metallography  was  extended  to  the  tests  made  in  argon. 

The  cracks,  Figure  68,  tended  tc  be  more  blunt.  A  faint 
mottled  zone  was  observed  on  most  of  the  specimens,  but  di¬ 
minished  on  the  fracture  surfaces.  A  two-layer  diffusion 
zone  formed  between  the  steel  and  the  Cr  in  all  plated  speci¬ 
mens.  Cracking  and  separation  were  common  along  this  zone 
which  in  some  instances  facilitated  removal  of  the  plating 
(Figure  68).  These  diffusion  zones  are  shown  in  Figure  69 
as  they  -ppeared  after  testing  in  argon.  Identical  zones 
have  been  identified  as  the  complex  carbides  (Cr,Fe),,C, 
and  (Cr,Fe)7C3.i? 

The  topography  of  the  fracture  surfaces  were  studied 
with  the  SEM.  High  C02  contents  resulted  in  gross  scaling 
masking  of  any  detail.  In  the  absence  of  scale  formation, 
all  fractures  appeared  similar,  Figure  70  being  representative. 

Tests  made  in  the  presence  of  liquid  copper  (above  1100°C) 
required  only  40  cycles  before  failure  occurred.  A  thin  film 
of  copper  covered  the  fracture  surface.  The  extent  of  inter¬ 
granular  penetration  of  copper  to  which  failure  can  be  attri¬ 
buted  is  clearly  shown  in  Figures  71  and  72.  No  difference 
between  the  Cr  plated  and  unplated  samples  was  observed. 
Although  no  tests  were  continued  to  failure,  both  plated  and 
unplated  samples  showed  no  damage  after  10,000  cycles  in  argon 
at  1  1  0 0 0 C .  Also,  no  detrimental  effects  were  ascribed  to 
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the  copper  after  10,000  cycles  in  tests  run  in  argon  and  C02 
at  1 000® C ,  below  the  melting  point  for  Cu  of  1083CC;. 


D.  DISCUSSION  OF  RESULTS 


Tne  observed  effect  of  the  C0/C02  ratio  on  the  fatigue 
test  results  can  be  entirely  attributed  to  a  decreasing  oxygen 
potential  in  the  gas  phasr  with  decreasing  %  C02  (increasing 
%  CO)  This,  of  course,  implies  that  reaction  II  is  insignifi¬ 
cant  in  +hese  results,  The  rationale  that  the  structural 
appearance  of  the  zone  (Figure  63),  characteristic  of  the 
1 00%  CO  tests,  might  be  due  to  a  carbon  pickup,  is  recognized. 
Rather,  this  zone  is  believed  to  be  simply  the  result  of  the 
transformation  of  austenite  to  a  higher  product  (i.e.  ferrite 
t  pearlite)  which  would  be  appropriate  for  a  matrix  zone  de¬ 
pleted  in  the  alloying  elements  which  are  known  to  be  segre¬ 
gated  in  discrete  particles.  After  reviewing  the  decarbur¬ 
ization  trends,  the  conclusion  is  that  this  zone  had  minimal 
relevance  to  the  results. 

Assessment  of  an  oxygen  potential  to  a  100%  CO  gas  compo¬ 
sition  requires  certain  clarification.  The  gas  consisted  of 
CO  upon  entering  the  chamber,  but  the  instability  of  the  gas 
resulted  in  deposition  of  carbon  (soot)  and  generation  of 
some  C02*  Carbon  deposition  at  higher  CO  contents  was  common 
and  traces  of  C02  were  present  ir  the  exit  gases  of  the  100% 

CO  tests. 

Oxide  formation  was  observed  on  all  specimens  with  greater 
than  the  equilibrium  value  of  C02 ,  as  expected  from  reaction  I. 
These  oxides  were  not  magnetic,  consequently  wustite  was 
assumed  to  be  the  predominant  oxide  form.  A  straight  line 
fits  the  data  (Figure  53)  in  the  range  of  iron  oxidation 
(30%  CO;)  The  kinetics  and  mechanisms  of  the  oxidation  of 
iron  in  carbon  monoxide-carbon  dioxide  atmospheres  has  been 
investigated  by  Smel tzer  , 2 8 > 2 9  Pettit, et  a1.30>':  The  in¬ 
itial  oxidation  rate  was  determined  to  be  linearly  propor¬ 
tional  to  the  partial  pressure  of  C02  above  the  equilibrium 
value.  In  this  linear  region,  the  rate  determining  step  is 
represented  by  dissociation  cf  C02  on  the  surface  into 
chemisorbed  oxygen  and  CO  gas.  Attempts  at  a  more  rigorous 
correlation  between  the  rate  of  oxidation  and  the  present 
results  were  unsuccessful  because  of  insufficient  data.  How¬ 
ever,  the  mechanism  of  fracturing  in  the  region  of  external 
oxidation  is  not  a  simple  sequence  of  oxide  formation,  crack¬ 
ing  of  the  brittle  oxide  exposing  fresh  surfaces,  reformation 
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of  the  oxide,  etc.  This  mechanistic  approach  was  eliminated 
on  the  basis  of  calculations  which  established  scale  formation 
to  be  too  slow  to  satisfy  such  an  approach.  The  explanation 
of  Achter  and  co-workers22 » 24 >2 5  relies  on  surface  absorption 
of  gaseous  impurities  resulting  in  a  reduction  of  surface 
energy  which  facilitates  crack  prooaqation.  After  detailed 
stjdies  of  superalloys,  Coffin  «2>  3  proposed  that  strain- 
induced  oxidation  is  the  cause  of  crack  nucleation  in  the 
form  of  wedge-shaped  oxide  intrusions.  Crack  propagation 
then  takes  place  intergranularly  because  oxidation  processes 
proceed  more  rapidly  along  these  boundaries  especially  when 
under  the  influence  of  stress.  Although  the  exact  nature  by 
which  oxidation  increases  cracking  has  not  been  established 
in  the  present  investigation,  the  observed  results  would  be 
in  basic  agreement  with  the  mechanism  attributed  above  to 
Coffin. 

Heretofore,  only  external  oxidation  has  been  discussed. 
The  analysis  indicates  that  the  particles  in  the  mottled  zone 
are  complex  oxides  of  Fe,  Cr,  Mn,  and  V  which  are  formed  by 
internal  oxidation  of  the  steel  either  with  or  without  ex¬ 
ternal  formation  of  FeO.  A  schematic  representation  of  the 
internal  oxidation  of  iron  alloys  with  small  alloying  ad¬ 
ditions  is  shown  in  Figure  73.  Oxygen  dissolved  in  the  alloy 
will  selectively  oxidize  the  less  noble  component  forming  the 
internal  precipitate  which  is  probably  complex  Fe-X  oxides. 
Such  oxides  are  thermodynamical ly  favored.32  Internal  oxi¬ 
dation  identical  to  that  observed  here  has  previously  been 
reported  to  occur  in  similar  low  alloy  steels  subjected  at 
high  temperature  to  C0/C02  a tmospheres . 3 3 » 3  *  The  oxide 
precipitate  is  also  found  in  the  matrix  but  prefers  grain 
boundary  formation.  Meijering,35  on  the  other  hand,  rejects 
preferential  penetration  along  grain  boundaries  during  oxi¬ 
dation  of  iron.  However,  dynamic  stress  conditions  of  the 
present  tests  compared  with  his  static  tests  can  easily 
account  for  this  discrepancy. 

Convincing  evidence  was  presented  which  leads  to  the 
conclusion  that  cracking  follows  the  grain  boundary  oxide 
precipitate  (Figures  64  and  65).  The  effect  on  the  cracking 
of  the  internal  oxide  precipitate  when  distributed  in  the 
matrix  is  believed  to  be  of  secondary  importance.  Matrix 
precipitates  may  possibly  provide  a  form  of  oxidation 
strengthening,  and  retard  crack  initiation  at  the  surface. 

Examination  of  the  role  of  chromium  plating  in  promot¬ 
ing  cracking  was  centered  around  the  inherent  defects  in  the 
plating.  The  initiation  stage  was  intrinsic  in  the  Cr  plated 
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specimens.  In  argon,  however,  the  results  indicate  the  fail¬ 
ure  for  the  plated  and  unplated  conditions  are  comparable. 

This  assumption  is  that  the  propagation  stage  is  comparable 
In  both  types  of  specimens.  These  results  are  compatible 
with  those  of  Manson36  who  predicted  intergranular  failures 
at  these  temperatures  with  the  initiation  stage  being  a 
minor  portion  of  the  total  life-  Hence,  the  failure  is 
propagation  controlled. 

On  contemplation  of  the  foregoing,  the  premise  that  the 
effect  of  the  plating  in  reducing  the  cycles  to  failure  in 
an  aggressive  atmosphere  is  principally  mechanical  and  is 
invalid.  Undoubtedly,  cracks  in  the  Cr  assist  in  initiating 
cracks  in  the  steel,  but  the  combination  of  the  existing 
crack  and  a  chemical  effect  are  responsible  for  premature 
failure.  The  chemical  contribution  was,  in  these  series  of 
tests,  the  oxidation  previously  discussed.  Correlation  of 
the  diffusion  zone  formation  with  cracking  appeared  appro¬ 
priate  considering  Figure  63,  but  the  argon  results  seemed 
to  negate  any  significance  attached  to  the  diffusion  zone  in 
affecting  the  results  of  these  experiments.  In  the  unplated 
specimens,  the  cycles  to  failure  Increased  rapidly  at  CO2 
contents  less  than  that  needed  to  maintain  external  oxidation. 
In  fact,  with  very  small  amounts  of  CO2 ,  any  effect  of  oxi¬ 
dation  diminished  and  the  cycles  to  failure  approached  that 
of  the  inert  atmosphere.  In  the  Cr-plated  specimens,  however, 
a  definite  effect  of  oxidation  persists  with  even  small 
quantities  of  C02.  These  observations  show  that,  in  reactive 
environments,  the  crack  propagation  interval  decreases  to  an 
extent  where  the  crack  initiation  stage  becomes  quite  signifi¬ 
cant.  Therefore,  in  Cr-plated  specimens  where  the  initiation 
stage  is  negligible,  the  total  cycles  to  failure  will  be  less 
than  that  for  the  unplated  specimens  where  the  initiation 
stage  is  not  negligible. 

Liquid  Cu  grossly  reduces  the  life  of  this  steel  due  to 
a  form  of  liquid  metal  embrittlement.  According  to  Smith,37 
the  formation  of  liquid  films  at  the  grain  boundaries  can  be 
assessed  by  involving  interfacial  energy  relationships  which 
determine  the  dihedral  angle  0,  Figure  74-  With  application 
of  interfacial  energy  values  at  1105°C  reported  by  Van  Vlack38 
for  liquid  copper/austenite  of  430  ergs/cm2  and  austenite/ 
austenite  of  850  ergs/cm2,  the  relationship  provides  a 
dihedral  angle  approaching  0°.  On  consideration  of  the  above, 
the  dramatic  reduction  of  cycles  to  failure  in  the  presence 
of  a  small  amount  of  liquid  copper  observed  in  this  study 
is  to  be  expected.  The  tensile  portion  of  each  stress  cycle 
greatly  improves  penetration  because  it  opens  the  properly 
oriented  boundary  offering  a  more  favorable  condition  for 
further  penetration. 
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E.  PART  II  SUMMARY 


Initially,  the  conditions  of  these  fatigue  tests  do  not 
exactly  simulate  the  conditions  existing  in  the  gun  barrel. 

A  major  difference  is  the  kinetic  factor  with  the  rates 
"experienced"  in  gun  barrels  being  orders  of  magnitude 
greater.  The  assumption,  however,  is  that  the  trends  ob¬ 
served  in  these  laboratory  experiments  can  be  qualitatively 
extrapolated  to  provide  a  better  understanding  of  possible 
chemical  changes  in  the  gun  barrel. 

The  conclusion  of  the  work  is  that,  if  the  copper  de¬ 
posits  are  liquid  at  any  time,  the  resultant  attack  will  be 
catastrophic.  Embrittlement  by  solid  copper  deposits  does 
not  appear  to  be  a  primary  factor  for  early  "retirement"  of 
rapid-fire  7.62mm  steel  gun  tubes  with  standard  ball  ammu¬ 
nition. 

The  effect  of  the  cracks  in  the  Cr  plating  in  improving 
preferential  chemical  attack  is  probably  more  pronounced  in 
these  experiments  than  in  the  actual  barrel.  The  same  type 
of  mechanism  of  concentrated  chemical  attack  at  the  root  of 
the  existing  crack  would  be  operative  in  the  Cr-plated  barrels. 
So  the  conslusion  is  identical,  i.e.,  radial  cracking  will  be 
more  severe  in  Cr-plated  barrels  than  in  unplated  gun  tubes. 
This  does  not  imply  that  a  plated  barrel  is  inferior  to  the 
unplated  barrel  because  the  uniform  wear  of  the  unplated 
barrels  leading  to  inferior  service  life  has  not  been  ac¬ 
counted  for.  From  these  results,  logical  approach  to  mini¬ 
mize  barrel  deterioration  would  be,  apparently,  to  develop 
fracture-tough  platings.  A  less  obvious,  but  perhaps  more 
easily  attainable  solution  would  be  to  incorporate  a  chemi¬ 
cally  resistant  intermediate  layer  between  the  plating  and 
substrate  which  would  retard  the  crack  initiation  or  growth 
or  provide  a  more  chemically  resi  :tant  gun  tube  than  Cr-Mo-V 
steel , 

The  oxygen  potential  of  the  gaseous  environment  was 
shown  to  affect  the  cracking  tendency.  Certainly,  a  low 
oxygen  potential  is  desirable  for  minimizing  deterioration 
of  the  barrel.  Undetermined  factors  such  as  pressure,  tem¬ 
perature,  and  gas  composition  which  exist  in  the  barrel  make 
exact  correlations  to  laboratory  results  impossible. 

it  is  f e 1  t  t  ha  t  the  most  important  outcome  of  these  ex¬ 
periments  is  the  qualitative  demonstration  of  how  chemical 
reactivity  affects  gun  barrel  material  behavior.  These  find¬ 
ings  suggest  that  additional  criteria  for  evaluation  and 
selection  of  candidate  materials  for  gun  barrels  are  needed. 

In  addition  to  the  normal  thermal  and  mechanical  property 
considerations,  chemical  resistance  must  also  be  evaluated* 
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FIGURE  43.  Reactions  of  iron  with  C0/C02  atmospheres 


FIGURE  44. 


Photograph  of  apparatus 


i 
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vacuum 


vas  In 


O  H!  ectromagnets 

FIGURE  46.  Test  chamber.  1.  specimen  2.  specimen  extension 
rod  3.  tie  rods  4.  glass  5.  0  rings  6.  support 
stud  7.  Plexiglas  plug  8.  induction  coil  leads 
9.  gasket  10.  hang  down  tube  11.  induction  coil 
12.  coupler  13.  specimen  guide  14.  stress  stops 
15.  A1  base  6  cap 
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FIGURE  52.  Test  specimens  after  failure,  right 
unp.lated ieft-Cr  plated. 
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FIGURE  S6 . 


Photos ic rcgraph  of 
crack  representative 
cf  high  CO2  specimens. 
Sital  etch.  SOOi. 


FIGURE  57. 

Scanning  electron 
micrograph  of  oxide 
in  crack  and  mottled 
zone.  30%  C02 .  3000X 


C  58.  Crack  propagation  in  the  absence  of  pit 
ing  in  Cr  plated  specimen.  500X.  50*  C02  . 


FIGURE  59 


Same  as  above.  2i 


FIGURE:  6G.  Mottled  rone  on  surface  of  2Q£  CCa  specimen. 


FIGURE  61. 


*% 


Intergranular  formation 
of  precipitate  in  mottled 
zone  formed  at  crack  tip. 
750X. 
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FIGURE  66.  X-ray  spectrometer  analysis  of 
precipitate  particles  in  mottled  zone. 
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Reproduced  from 
best  available  copy. 


a 


b 


FTGURE  67.  Electron  microprobe  results  of  the  mot¬ 
tled  zone.  A.  Electron  image  showing  the  zone  to 
be  of  lower  atomic  number.  B.  Oxygen  X-ray  image 
indicating  oxygen  enrichment.  375X. 
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F I GURt-  69.  Diffusion  zones  formed  in  the  Cr  plated  sam¬ 
ples.  Note  two  intermediate  zones  between  Cr  (top) 
and  steel  (bottom).  Nital  etch.  500X. 
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FIGURE  70. 
surface 


Scanning  electron  micrograph  of  fracture 
topology.  201  C02.  300X . 
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FIGURE  71.  Scanning  electron  micrograph  of  copper  film 
over  fracture  surface.  Note  copper  penetration  decor 
ating  grain  boundaries.  600X. 


FIGURE  72.  Photomicrograph  showing  liquid  Cu  penetration 
which  led  to  rapid  failure.  Penetration  perpendicular 
to  surface  of  specimen.  150X. 
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Reproduced  from 
best  available  copy. 
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FIGURE  73.  Representation  of  internal  oxidation, 

(After  Rahmel*6) 
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FIGURE  74.  Criteria  for  liquid  metal  penetration  at 
grain  boundaries.  (After  c,  S.  Smith  ). 
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APPENDIX  A 


Results  of 

Barrel 

unplated -unfired 
U-l 

U-10 

U-50 

U-100 
U-  200 

U-  300 

U-661 

U-900 

U- 1500 

U-2.100 


Visual  Inspection  of  Test  Fired  Barrels 


Remarks 


Isolated  spots  of  pitting  (rust). 

General  discoloration,  no  residue,  no  bore 
damage . 

Appearance  essentially  same  as  U-l,  except 
completely  blackened.  Small  amounts  of 
residue  present. 

Definite  copper  deposits  on  lands  and  in 
corners  of  rifling.  Slight  pebbly  roughness 
in  corners. 

Appearance  essentially  same  as  U-50. 

Copper  and  crust  distributed  over  entire 
bore  surface.  No  visible  damage  to  bore 
other  than  possible  wearing  away  of  rifling. 

Muzzle  end  of  barrel  exhibits  heavy  deposits 
of  copper  which  is  easily  flaked  off. 
Deposits  have  effectively  eliminated 
rifling  at  the  muzzle  end.  Breech  end  of 
bore  doesn't  show  much  copper  or  crust. 

Not  observed. 

Crust  over  entire  bore..  Copper  deposits  at 
muzzle  end  not  nearly  as  heavy  as  in  Cr 
Plated  barrels.  Moderate  transverse 
checking  on  rifling  in  first  6".  Rifling 
deformed  --  not  as  pronounced  as  in  Cr 
plated  barrels. 

Trahsverse  checking  becoming  heavier 
Minimal  indications  of  Cu  at  breech  end. 
Rifling  is  well  worn  --  essentially  has  been 
eliminated  in  first  6"  of  barrel. 

Checking  has  advanced  to  more  of  a  network. 
Checking  continues  on  lands  further  down 
the  barrel.  Rifling  is  gone  at  breech  end. 
Some  of  the  network  cracks  show  copper.  A 
few  pits  developed  near  origin  (fir'-t  1"). 
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APPENDIX  A  (continued) 


Barrel 

C-l 

C-10 

C-50 

C-100 

C-200 

C-300 

C-661 
C  -  900 


Remarks 


Dull  gray  color  with  brown  streaks  (Cu) 
especially  on  lands  and  over  entire  bore 
surface  on  muzzle  half  of  barrel. 

About  same  as  C-l  but  more  obvious. 

Crust  built  up  on  muzzle  1/3.  Checking 
network  in  this  crust  --  cannot,  determine 
if  also  in  Cr  plating.  Upper  2/3  continues 
to  be  coppered.  Copper  also  in  crust  area. 
Crust  easily  flakes  off,  copper  is  adherent. 

Heavy,  non-adherent  crust  at  breech  end. 
Cracking  apparently  developing  in  plating 
beneath  crust.  Rifling  collecting  copper. 
Copper  in  cracks  appears  to  be  pushed  up 
giving  a  pot,  .tive  network.  This  occurs 
5-8"  from  origin  of  rifling  and  is  different 
from  checking  nearer  breech  end  which 
doesn't  exhibit  copper  in  cracks. 

Checking  decorated  by  copper  filling  the 
cracks  is  visible  over  entire  bore  but  is 
most  prevalent  in  mid-section.  First  3" 
seems  to  contain  least  amount  of  copper. 
Checking  and  copper  pickup  begins  in 
corners  of  rifling,  heavy  deposits  being 
found  toward  the  muzzle  end.  Possible 
indication  of  melting  of  the  copper  in  the 
appearance  of  stringers  along  rifling. 

Definite  damage  at  the  origin  of  rifling 
where  material  has  been  removed.  Also  in 
this  area  can  see  displacement  of  Cr  grains 
indicating  these  areas  may  become  detached. 
Checking  with  cracks  filled  with  copper, 
checking  being  most  obvious  in  breech  1/3. 
Muzzle  1/2  has  continuous  heavy  deposits 
of  copper. 

Not  observed. 

Serious  damage  at  origin  of  rifling.  Entire 
bore  shows'eopper  filled  crack  network. 

Lands  remain  sharp.  Rounded  globules  of 
copper  laying  on  bore  ("v8"  from  origin  of 
rifling)  taken  as  evidence  of  melting  and 
solidification  after  last  round. 
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APPENDIX  A  (continued) 


Barrel 

C- 1500 

C-2100 

C-3000 


Remarks 


Removal  of  chromium  plating  gives  pitted 
appearance  near  breach  end.  Some  plating 
grains  are  raised,  others  are  depressed  or 
caved  in.  Some  holes  do  not  exhibit  copper, 
but  copper  does  decorate  cracks  over  entire 
barrel . 

Generally  similar  appearance  as  C-1500. 
Globular  copper  observed  laying  on  surface 
in  first  inches. 

Crust  and  copper  distribution  as  previous 
barrels.  First  inch  of  bore  severely 
attacked  Pits  for  first  3".  Rifling  is  in 
good  shape  except  at  origin  where  enough  of 
the  plating  has  been  removed  to  expose 
pebbly  surface  of  underlying  steel.  Copper 
filling  rough  areas  on  lands  but  few  of  the 
pits  are  filled.  Heavy  copper  deposits  at 
muzzle  end  eliminate  rifling. 
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Normalized  Intensities 
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APPENDIX  C  (continued) 


OO 

to 


vO 

O 

to 


to 

m 


m 

to 

(SI 


00 

to 


rj 

to 

CO 


TP 

QQ 

to 


to 

M 

0 

00 

nO 

0 

to 

00 

O 

ax 

00 

in 

»o 

O 

rs 

M 


N 

rO 


r^. 

»o 


u 

H 

fO 


o 

o 

cm 


is 

C-* 


M 

vO 

iH 

tn 

c\ 

TC 

in 

O 

tn 

0 

O 

O 

CM 

irj 

— r 

to 

cm 

«-H 

00 

ax 

O 

C\ 

CM 

00 

|S» 

to 

r-s 

CM 

to 

m 

TT 

O 

H 

ax 

1 

00 

0 

CM 

CX 

■o 

*—♦ 

m 

OO 

0O 

to 

rH 

r-* 

in 

n 

V 

M 

M 

LO 


CM 

C| 


ts 

00 


CM 


cm 


is 

O 


vO 

LO 


r-4 

to 


M3 

r- 


tO 

to 


O 

to 

*0 


is 

pH 

tO 


CM 

O 


o 

o 


y» 

o 


CO 

!*• 

S 


o 

rO 


cO 

n 


LO 

cm 


ph 

rj  pH 

3 


00 

vO 


O 

M 


r- 

in 

cm 


fcO 

00 

m 


*0 

CM 


M 

in 

o 

rO 


O 

c| 


O 

00 

m 


to 

r- 

CO 

fN 

O 

O 

00 

tt 

O 

ax 

m 

OO 

ao 

O 

m 

TP 

PS 

O 

*o 

0 

pH 

H 

OO 

CO 

O 

nO 

ax 

PN 

SO 

O 

O 

M 

tn 

c- 

in 

f 

pH 

-r 

CM 

pH 

m 

m 

0 

va 

OO 

*n 

ao 

m 

ax 

00 

CM 

CM 

nO 

ax 

c 

pH 

•  H 

pH 

H 

O 

to 

CM 

O 

P-. 

pH 

TP 

in 

m 

rf 

OO 

0 

1— ♦ 

pH 

CM 

r- 

0 

CM 

"T 

Kft 

PN 

00 

pH 

p-i 

0 

O 

ax 

»H 

H 

Cl 

ax 

00 

in 

to 

00 

pH 

00 

0 

rf 

pH 

CM 

c» 

CM 

P  -v 

tO 

H 

m 

IN 

»o 

O 

*0 

0O 

K1 

CM 

m 

m 

n 

pH 

H 

0 

ax 

vO 

pH 

pH 

pH 

pH 

m 

to 

Cl 

OO 

O 

00 

N 

TT 

vO 

pH 

pH 

pH 

O 

•O 

ax 

CO 

Cl 

*T 

Cl 

m 

Cl 

-H 

•n 

CM 

00 

PN 

PN 

•T 

"T 

m 

CM 

ax 

Cl 

pH 

c* 

tn 

to 

m 

to 

x> 

pH 

pH 

•r 

CM 

cm 

ro 

IN. 

OO 

ax 

-r 

to 

CO 

CM 

fs. 

ro 

ps 

tn 

Cl 

CM 

TT 

NO 

*T 

O’ 

CM 

X 

CJ 

pH 

0 

pH 

0 

•O 

to 

ai 

fs 

to 

»o 

c.| 

to 

o 

vO 

OO 


o 

m 


%o 

o 

to 

to 


o 

o 


v<r* 

nr 


-I-  o 

Ot  Tf 
cm  *r 


00 

00 

cm 


00 

00 


m 

o 

o 


cx 

in 


m 

n 


M 

ox 

CM 


OX 

a* 


m 

00 


pH  CM 
»o  CM 


fN. 

to 


o 

vO 

CM 


In 

M 


1> 

%+ 

3 


C/l 


r: 

t  1 


3 


X) 

C- 


XI 

CL. 


106 


EQUILIBRIUM  COMBUSTION  GAS  COMPOSITIONS 


C 

m 

V 

o 

<o 

O 

o 

o 

O 

m 

o 

Ok 

rl 

H 

N 

ts. 

'S 

Ok 

to 

O 

o 

o 

ri 

*o 

N 

N 

o 

o 

o 

to 

o 

r-i 

o 

O 

O 

.-i 

H 

rt 

H 

N 

H 

H 

r-i 

<n 

o 

o 

o 

a 

• 

1 

1 

1 

1 

• 

1 

• 

1 

1 

1 

1 

• 

1 

« 

a 

« 

a 

• 

1 

a 

« 

1 

a 

Cl 

Cl 

Cl 

Cl 

w 

Cl 

ui 

w 

w 

ci 

ai 

ui 

w 

Cl 

Cl 

Cl 

w 

it) 

w 

ci 

w 

w 

Cl 

Vi 

w 

cr. 

o> 

Ok 

m 

•» 

o 

O 

00 

'It 

to 

*-t 

00 

00 

r-i 

MO 

Ok 

Ok 

tN 

N 

CO 

t- 

H 

MO 

in 

r-i 

IA 

o 

o 

o» 

aO 

m 

CM 

© 

o 

CM 

rr 

00 

to 

Ok 

CO 

Ck 

o 

'O 

CM 

CO 

H 

CO 

r-i 

c. 

*r 

« 

t-s 

»0 

oo 

o 

CM 

r-i 

O 

o 

i-. 

CM 

rt 

CM 

CM 

I*- 

H 

CM 

H 

o 

KS 

I-'- 

C7l 

to 

to 

CM 

to 

•  r- 

O 

o 

r-i 

'O 

cr> 

t-i 

N 

•H 

CM 

rl 

rt 

Kk 

cH 

CM 

rt 

w 

t-i 

Cm 

K) 

ri 

N 

CM 

m 

to 

H 

r-t 

«  oo 

m 

• 

• 

• 

• 

« 

• 

• 

» 

• 

■ 

• 

• 

• 

•  » 

• 

• 

* 

• 

* 

• 

• 

* 

• 

• 

• 

• 

•-i  m 

o 

N 

oo 

CfOOOOOOOOOOO 

09000000000 

O 

o 

•  «9l 

o 

© 

OlOOO 


N 

N 

CO 

■o- 

o 

o 

H 

o 

o 

o 

O 

r-i 

N 

Is 

CM 

o 

o 

Is 

CM 

Ok 

ri 

to 

o 

o 

CM 

t-i 

r-i 

o 

o 

o 

CM 

o 

r-i 

o 

O 

9 

CM 

O 

r-l 

CM 

r-i 

r-i 

r-i 

— i 

o 

CM 

o 

o 

W 

M 

it] 

M 

iil 

Cl 

w 

M 

w 

m 

M 

Cl 

ci 

Cl 

w 

Cl 

Cl 

U1 

Cl 

Cl 

w 

Cl 

Cl 

Cl 

Cl 

« 

< 

rf 

O 

o 

CO 

fs 

Is 

Ok 

is 

rj 

o 

t-S 

o 

OO 

CM 

rt 

if 

o 

o 

'S' 

o 

Is 

is. 

M 

O 

to 

t-i 

CM 

Ok 

•HI 

CM 

ps 

Ok 

to 

Ok 

CM 

CM 

in 

t-i 

rr 

«o 

Cl 

Ok 

m 

Ck 

oo 

CM 

to 

Ok 

Ok 

CM 

MS 

oo 

to 

o 

in 

in 

00 

o 

r-i 

© 

*^r 

00 

m 

m 

© 

to 

r-i 

9 

to 

OO 

ri 

t-i 

CM 

© 

to 

r-i 

r-i 

H 

CO 

«o 

•H 

r-i 

CM 

r-i 

ri 

Tf 

r- 

Ok 

CM 

Ok 

IO 

r-i 

ri 

CM 

ri 

I 


I 


HOtON 


00000000000090  000090000000 


AOm^^COiOOCOOONN  .OOHNIOHClNNrtO 
OHHHOOOrtOOOOON OHNOHHOOHOO 


V > 

o 

ss 

•  9  Ok 

o 

O  NM- 

t-M 

OlAMC* 

H 

oooo 

u 

*N  •  • 

i 

m 

in  t-|  9  CM 

O 

Cr 

o 

r* 

Cl 

•M' 

-1 

o 

J 

2E 

< 

•  o 
o  CM  Ok 

Z 

O  CM  it 

»-• 

<o 

ONMis 

*!sOO 

z 

ao 

O'*  •  • 

o 

r-i  »-i  O  CM 

t-i 

o 

H 

2r 

t-M 

W 

o 

Or 

2 

•  O 

O 

o  too* 

u 

O  N*» 
oo-*r 

*HOO 
in  oo  •  * 

NHON 


MMKOnMIiUlDUnMMB]  a)  U  M  U)  m  cq  u  »  u  am 


U)H<Oao)ClriOU)OlM}HlA 

0N9i«ocmuniro«HQio 
NO'tNONOOONlOWlflOl 
««IANlArlHN«HHn<4  N 


Kj»^OHN<OOV<tMO> 
OOIMO'»ClNH««!iO 
Hrf  lOClIOOClO^H  D 
HNltHNOOHiHin*jH 


O 


09000000000000  000000000009 


«NHN«OO^OnOlAM(A  OnOlO  HCVCOMfllOO 
OHHr^OOOHOOOOOH  OOr-»Or-«OOOr~lOO 


niuibiuiuiciciiiicmiMcicicicimaiciciujcmiiicmi 


oo?.cn.ic«HOifi®cr.r-  •cnoNrt'Oi-iMi'iff, i*. 
naa«NN0MKOocsNK)  L‘)rv«o«ooio^inHOM 
lAI'vlOOONNaHHNCOaiO  «NtOHU)IDOHOIU>0 
nOUOHOliKHH«a>HHHN  NHifNHHMOOn  H 


o 


oooooooooooooooooooooooooo 


«4ao»oONONOuin«o«oinociio<C'N)Oc 

OnOrHOOOHOOOOOrt  OOHOOOOOHOO 

nuKUUcjciciaiuiciuiuiuiuiiiifiidiaiciujuiaiuiciui 


MtoNQNinnNNNnooaN  ujnwhnhhtkjno 
hnoo<onooiia«ocOiCO  nirnoif  noohnnom 
M0«Na«C0HI0CkOKIl0<0  nOMCONrlNVIONO 

OHHIONNHMNIOh 


O 


OOOOOOOOOOOOOOOOOOOOOOOOOO 


«NtoOtiooooooH^io«  in«uw  (OMninnKio 

OHOOOOOHOOOOOHOOHOOOOOHOO 


*  o 
ouna 
OO 

OlHVN 
*H  O  O 
CH  •  • 
•ANON 


UUmulUHUWU]WUJ3]tuauuiMUUUirUM'4^^) 


Mlfl>^t/>0CiH00lfOlF-(H<tNini/)00*OM^C)3mC»*H00 
NOHO0OlO0iOH«O«HHM)IOin9)ONM»NN 
oor^ooNw.  insccnco  so  NCir-  «HNnNtoHiON«o 
0)MDlAnHHH9KaH9N  HUXUNl/INHNOlOH 


o 


oooooooooooooooooooooooooo 


u  cat 


m  m  * — \ 

31  O  M  «  "  «  «  «  n  x 

U  m  C  “  O  —  “  M  M  M  «~0~0~  ’ 

r  u  o  z  r  :  -  y  u  'j  u  u  j  u  j  u  'j  o  c  x  /  z  x  z  /  *  j 


107 
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Values  for  Keq  and  A  (activity  of  corbon  in  austenite)  were  obtained  from 

Y 

R.  W.  Gurry,  Trans.  A I ME,  188,  678,  680  (1950). 


